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Terahertz technology had been widely explored for applications in homeland 
security, nondestructive testing, and ultra-broadband communication. To real-
ize these applications, efficient terahertz detector, terahertz waveguides, and 
novel terahertz modulator are needed. In this thesis, we explore the use of plas-
monics to achieve these functions.   
 
We first report a sub-terahertz (THz) plasmonic detector based on a 0.25 m 
gate-length AlGaN/GaN high electron mobility transistor (HEMT) with nano-
antennas. The plasmonic terahertz detector shows excellent performance with 
maximum responsivity of 15 kV/W at room temperature and a responsivity of 
2.7 kV/W at 200 oC.  In addition, the introduction of a Fabry-Pérot (FP) cavity 
in enhancing the responsivity of the plasmonic terahertz detector achieved a 2.5 
times enhancement in responsivity compared to the device without the cavity 
and at the same time with a lower noise equivalent power (NEP). Finally, te-
rahertz imaging based on a single-pixel detector is demonstrated with a high 
spatial resolution and a high signal-to-noise ratio. An 11 × 12 focal plane array 
is designed and fabricated.  
 
Terahertz can be guided in the form of edge plasmons on graphene nano-ribbon 
waveguides and its cut-off behavior of this waveguide is investigated.  Gra-
phene edge plasmons are the fundamental mode with the lowest losses. They 
show large effective refractive index and strong field confinement on nanoscale 
ribbons, which can reduce the crosstalk in the ultra-compact on-chip terahertz 
applications. The edge plasmons follow a dispersion relation ω∝k1/2. The 




0.89. The width of edge plasmon is inversely proportional to wave vector of 
edge plasmon kedge. The cut-off width of edge plasmons reduces with increasing 
frequency. Cut-off width of the center plasmon is enlarged by the presence of 
the edge component but the enlargement effect diminishes with the increase of 
kedge. These results are significant for designing ultra-compact terahertz inter-
connects using graphene nano-ribbons. 
 
Plasmonic terahertz modulator based on an array of graphene disks fabricated 
on the silicon substrate is demonstrated. The silicon substrate is the most widely 
used platform for the integrated circuits and solar cells. The integration of a 
graphene disk array with silicon technology will pave the way for fabricating a 
cost effective terahertz modulator. We present an approach to realize optical 
control of the THz plasmonic response by using an array of graphene disks on 
the silicon substrate. Under optical illumination, the photo-generated carriers in 
the silicon substrate are transferred to the graphene disks which affect the plas-
monic THz-excited resonant frequency and strength. The transmission loss of 
the THz wave is reduced from 16.2% to 4.4%, with a corresponding shift of the 
absorption peak from 3.04 THz to 2.25 THz when the light flux (at 532 nm) is 
increased from 0 to 18 mW/cm2. The size of the graphene disks has also been 
found to affect the magnitude of the transmission loss and the shift in absorption 
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1. Chapter 1 Introduction 
In this chapter, the basic aspects of terahertz radiation and terahertz technology 
(or far infrared) are introduced briefly. The family of terahertz detectors, mod-
ulators and waveguides is discussed by comparing advantages and 
disadvantages of the various devices. Then we focus on the plasmonic devices 
for the terahertz applications.  
1.1 Terahertz Electromagnetic Waves and its Application 
Terahertz (THz) radiation covers the frequency range of electromagnetic 
wave from 0.1 to 10 THz, which is between the millimeter wave and the infrared 
(Fig. 1.1). Traditionally, THz technology has been used in astronomy and chem-
istry [1]. Recent advances in sources and detectors has allowed the technology 
to be applied in many other areas including security [2-4], communication [5-
7], and medical imaging [8-10]. However, the development of terahertz tech-
nology hugely depends on the advance of terahertz detectors [11]. Compact 
semiconductor terahertz detectors operating at room temperature are generally 
favored. For some applications such as deep space probe, detectors face harsh 
environment of the outer space and need to operate at high temperature. How-
ever, so far, the current terahertz detectors making use of bolometers, Schottky 
diode and pyroelectric detector cannot be operated above 100 oC. Well-devel-
oped technologies for detecting the millimeter wave and infrared are not directly 
suitable in the THz region.  
THz waves possess various unique properties. Compared with other elec-






Fig. 1.1 The spectrum of terahertz electromagnetic waves [13]. 
 
(1) Rich physical phenomena. Rotation/vibration mode of molecules and 
solid state physics such as antiferromagnetic resonances, carrier scattering 
in semiconductors, and two dimensional plasmon have particular finger-
prints in the THz spectrum [12].  
(2) High temporal and spatial resolution. The period of THz wave is in the 
order of 1 ps, which can be used for the study of molecular and material 
dynamics [13]. The wavelength of terahertz wave at 1THz is 300 μm in free 
space. Compared to microwave, the THz wave enables better imaging res-
olution [14].  
(3) Ultrahigh bandwidth. The terahertz wave has high frequency which can 
be used for high-bandwidth communication [15]. Information technology  
would benefit a lot when optoelectronics and electronics are merged in the 
THz regime[16]. 
(4) Good Transparency. Many kinds of nonmetallic and dielectric materials 
such as paper, plastic, wood,  ceramics are transparent to terahertz radiation 
[9]. In addition, smoke is also transparent to terahertz radiation due to its 





These unique properties of terahertz radiation have encouraged numerous 
applications such as medical imaging [18-20], communication[21], material re-
search[3, 22],  nondestructive testing[23, 24], astronomical observation[25, 26], 
security screening, and identification of hidden object [27-29]. Terahertz radia-
tions can penetrate dielectric materials such as clothing, common packages, and 
envelopes. Hidden objects can be observed through packaging, or clothing. 
Therefore, THz radiation can enable effective screening of passengers and lug-
gage for prohibited items at airports[29] (Fig. 1.2). Moreover, cancer cells are 
sensitive to THz waves. Thus, the waves can be used to screen for skin and 
breast cancers [13].  
   
Fig. 1.2 Terahertz system applications: (a) security and hidden object scanning 
[9].  (b) Visible image of diseased tissue (solid line area) and normal tissue (dash 
line area). (c) THz image of diseased tissue (d1, d2) and normal tissue (n1, 
n2)[30]. 
 
Vapor absorption is strong for terahertz radiation and it limits the applica-
tion of terahertz technology in long-distance communication system. However, 
the terahertz radiation is still promising for many applications such as for high 
bandwidth wireless networking at short distance. This indicates applications for 
indoor system and for outdoors with the range of less than 500m [5]. Current 
wireless communication systems utilize carrier waves less than 5 GHz, which 




restrict their maximum data rate (typically 100’s Mbit/s). Higher frequency car-
riers enable high data rates, and therefore 100 Gbit/s data rates are available 
with terahertz carrier waves[31] (Fig.1.3). 
 
 
Fig. 1.3 The schematic for a long-range, high-capacity wireless terahertz com-
munication. 
 
Terahertz waves can help astronomers to gain valuable knowledge about 
the universe such as the formation of stars, formation of life, cosmic background 
radiation and the composition of interstellar matter. The molecule spectrum at 
terahertz frequency are shown in Fig. 1.4[32]. Many polar molecular have a 
vibrational mode and a rotational mode in the THz range and have strong ab-
sorption of THz radiation. 
 
   
Fig. 1.4 Terahertz applications in astronomy: (a) terahertz spectrum of the Orion 
Kleinmann-Low nebula [33], (b) molecule vibrational and rotational mode, and 
(c) terahertz imaging array at the Purple Mt Observatory. 
 




1.2 Current Terahertz Technology 
The progression of THz science and technology depends on the realization 
of efficient components such as detectors, waveguides and modulators. 
1.2.1 Current terahertz detector 
Terahertz detectors are key components for terahertz technologies. How-
ever, due to the limitations of output power in terahertz emitters, it is still 
challenging to develop terahertz detectors with high sensitivity operating at 
room temperature. Based on the detection mechanism, the terahertz detector can 
be divided into two categories: (1) a thermal device and (2) an electrical device.  
Thermal devices include bolometric detectors, Golay cell detectors (also 
called “Golay cells”), and pyroelectric detectors. These devices rely on the tem-
perature change induced by the absorption of terahertz photons. The sensitivity 
of thermal detectors is limited by the thermal noise. The lower the ambient tem-
perature the smaller background which give rises to noise and higher sensitivity. 
The superconducting hot-electron bolometers and liquid-helium-cooled silicon 
bolometers needs cryogenic cooling and not suitable for some applications. The 
Golay cell detector and pyroelectric detector are widely used for room temper-
ature applications. The speed of a thermal detector is determined by the thermal 
conductance and heat capacity. The thermal noise can be greatly suppressed at 
cryogenic temperatures and thermal detectors are able to give high sensitivity. 
Thermal detectors operating at room temperature have a large thermal noise 
with low thermal conductance and small heat capacity. Normally, a long inte-
gration time for thermal detectors is required to obtain a good signal-to-noise 




slow speed are typically the main disadvantages of room-temperature thermal 
detectors. 
Electrical detectors generate a detection signal by rectifying the alternating 
terahertz electric field to a DC signal. Hence, electronic detectors generally have 
nonlinear properties for effective rectification. Electrical detectors are able to 
sense the amplitude of the incident terahertz radiation directly. Due to this 
mechanism, electrical detectors usually do not require to operate at cryogenic 
conditions. With the help of a local oscillator, an electrical detector (Schottky 
diode) can also be used for heterodyne detection. The oscillator mixes the in-
coming signal with a synchronized local oscillator signal of terahertz frequency 
and generates an intermediate low frequency (IF) signal obtained from the dif-
ference frequency of the oscillator and the signal. Then the IF signal is followed 
by low pass filtering to recover both the amplitude and the phase of the terahertz 
signal. In addition, the electrical detector has a small RC constant and is much 
faster than the thermal detector. Also, response frequency up to GHz can be 
achieved. In summary, room temperature operation and fast response speed are 
the main advantages of electrical detectors.  
Responsivity, working frequency, noise-equivalent power (NEP), response 
speed, and operation temperature are important characteristics. The characteris-
tics of some terahertz detectors are listed in Table 1.1 for comparison. 
 











Bolometer[33] 0.1-30 10-16~10-13 107-105 10-3 




STJ*[35] 0.1–1 10-16 109 10-3 
Room temperature detectors 
Golay cells[36] 0.1–20 10-10 105-104 10-2 
Pyroelectric[37] 0.1-30 10-10 105 10-2 
Schottky diode[38] 0.1-1.7 10-12~10-10 103 10-12 
Silicon FETs[39, 40] 0.1-4.3 10-12~10-10 103-102 10-11 
*Superconducting tunnel junction (STJ) **Hot electron bolometers 
 
For a deeper understanding, the properties of different terahertz detectors 
are discussed as follows: 
(1) Bolometers: Bolometers depend on a temperature-sensitive resistor whose 
resistance is sensitive to the temperature change induced by the absorption 
of a terahertz photon[41]. As an example, a micro bolometer is shown in 
Fig. 1.5 (b). The resistance of the thin bridge absorber is sensitive to tem-
perature. When the radiation is absorbed, the absorber will heated up the 
resistor and the resistor’s resistance will change. The change of temperature 
can be measured by the change of resistance. Compared to other detectors, 
bolometers operates at cryogenic temperature have ultra-high responsivity 
and low NEP. Their NEP is usually lower than 1 × 10−13W/ Hz1/2, and their 
responsivity is typically higher than 1 × 107 V/W. Bolometers are broadband 
detectors and the detection frequency range depends on the absorption char-
acteristics of the materials. The reset time (thermal time constant) of 
bolometers are usually quite slow (10−2–10−3 s), and thus they are limited 
for high-speed communication and imaging. Moreover, cryogenic bolome-





Fig. 1.5 (a) Image of a bulk bolometer and (b) a MEMS micro-bolometer 
pixel. 
 
(2) Golay Cell Detectors: Golay cell is made of a membrane and a THz ab-
sorber in a gas filled cavity [42]. When heated by absorption, the gas 
expands and deforms the membrane (see Fig. 1.6 (a)). The deformation of 
the membrane is translated to intensity detected. Golay cells offer good sen-
sitivity up to 1 × 105 V/W and a broad band response from 0.1 to 30 THz. 
However, the response time of Golay cells is on the order of 10 ms because 
their speed is limited by the heat capacity and heat conductance of the cavity 
membrane. In addition, Golay cells are very vulnerable to environmental 
mechanical noise and the NEP of Golay cells is about 1 × 10-10 W/ Hz1/2. 
Golay cells are also very bulky, as shown in Fig. 1.6 (b).  
 
  







(3) Pyroelectric Detector: A pyroelectric detector relies on the thermal pyroe-
lectric effect[43], as shown in the Fig. 1.7. After being heated by the 
absorption of the incident terahertz wave, the polarization charge in the film 
is induced by the elevated temperature. By measuring the induced charg-
ing/discharging current, the power of incident radiation can be calculated. 
Background noise is filtered by the lock-in technique. Normally, the re-
sponse time is on the order of between  10 ms to 100 ms. Therefore, the 
detector response frequency is limited to 100 Hz[44]. Pyroelectric detectors 
are broad-band and operate from 0.1 to 30THz. Their responsivity is usually 
around 1 × 105 V/W, and their NEP is about 4 × 10−10W/ Hz1/2 at 300 K. 
 
 
Fig. 1.7 (a) Image of a pyroelectric detector and (b) the detection mechanism of 
a pyroelectric detector. 
 
(4) Schottky Barrier Diode Detectors: Schottky barrier diode (SBD) detectors 
depend on its nonlinear properties, which rectifies the incident terahertz ra-
diation [45]. A GaAs Schottky diode from Virginia Diode Inc. is shown in 
Fig. 1.8 (a). The Schottky junction is formed between the n-type semicon-
ductor cathode and the metallic anode. Fig. 1.8 (c) shows a simplified 
equivalent circuit of a Schottky junction, where Rs is the series resistance, 
Rj is the junction resistance, and Cj is the junction capacitance [46]. In order 





capacitance Cj and the series resistance Rs need to be reduced. To reduce the 
junction capacitance, the contact area of the anode on GaAs is minimized 
by forming an air bridge and using low dielectric substrate. The device is 
fabricated on the epitaxial grown GaAs film, which reduces the junction 
capacitance Cj to about 0.5fF [11]. The series resistance can be reduced by 
increasing the n-type doping of GaAs. Schottky barrier diode detectors have 
sensitivity of 103 V/W below 0.7THz. With frequency increasing, the re-
sponsivity will degrade to 102 V/W and the NEP increases to 40pW/ Hz1/2. 
 
 
Fig. 1.8 A THz Schottky barrier diode: (a) the SEM image of a commercial VDI 
planar SBD, (b) schematic of an air bridge Schottky barrier diode [47], and (c) 
a simplified equivalent circuit of a Schottky junction[46]. 
 
In summary, the above comparison of various THz detectors shows that 
thermal detectors (bolometers, Golay cells, pyroelectric detectors) have a high 
responsivity but a low response speed while the electrical detectors (Schottky 
diode) have a relatively low responsivity but a fast response speed. Low tem-
perature bolometers offer the highest sensitivity and lowest NEP in the range of 
10-13–10-16W/Hz1/2. Pyroelectric detectors and Golay cells have good sensitivity 






detectors may provide broad band response, high sensitivity and high speed at 
room temperature.  
 
1.2.2 Current Terahertz waveguide 
A terahertz waveguide is a device that guides terahertz electromagnetic 
waves, which enable a terahertz signal to propagate with strong confinement 
and minimal loss. The most commonly used waveguides for electronics is hol-
low metal structure with rectangular or circular shape. The electromagnetic 
waves are confined to the inner surface of such metallic structure. The most 
commonly used waveguide is the optical fibers, which the electromagnetic 
waves are confined by the total internal reflection of the dielectric materials. 
The one major challenge of THz waveguides is the relatively high loss in the 
conventional waveguides, which limits long distances THz wave transmission. 
A description of 3 types THz waveguides is given below: 
 
(1) Hollow metallic waveguides: A thorough study has been conducted on cir-
cular and rectangular metallic waveguides[48]. This study finds that there 
are three intrinsic limitations for the metallic THz waveguides. First, there 
is a cutoff frequency and THz wave is not allowed to propagate below the 
cutoff frequency. Second, due to strong group-velocity dispersion, a broad-
band pulse undergoes a severe waveform distortion. Third, the absorption 
coefficient is too large in the range of ∼1 cm−1.  
 
(2) Dielectric Fibers: A dielectric fiber confines terahertz wave within the core 
by total internal reflection. Similar to the hollow metal waveguide, loss of 
THz waves in dielectric fibers is very strong. The pulses suffer from signif-
icant distortion due to strong dispersion in the terahertz frequency. Another 
drawback is the poor coupling efficiency. 
 
(3) Metal Wires: An attractive finding of terahertz waveguides is that a metal 
wire can be used for guiding terahertz wave with low attenuation, no disper-




a metal wire are called Somerfield wave. One issue of the wire waveguide 
is its poor confinement. Another fundamental challenge is its poor coupling 
efficiency from free space. The coupling efficiency is extremely low and its 
upper limit is estimated to ∼0.4% [50]. 
 
To sum up, efficient terahertz waveguiding still remains a challenge. Nei-
ther dielectric fibers, nor conventional metal waveguides can be used to guide 
terahertz waves with low loss and weak dispersion. Metal wires waveguide has 
low loss and no dispersion but it also suffers from poor confinement and poor 
coupling efficiency.  
 
1.2.3 Current Terahertz modulator 
A terahertz modulator is a device which is used to modulate a beam of te-
rahertz wave. The THz technology is still looking for efficient, fast and versatile 
active light modulators. Some Terahertz modulators are described below.  
 
(1) Electronic Modulator in Semiconductors and Metamaterials: An all-
electronic modulator is an attractive device which is easy to integrate for 
applications. THz wave transmission can be modulated by changing the 
carrier concentration in semiconductors such as by carrier injection or by 
carrier depletion as shown in the Fig. 1.9 [51]. 
 





(2) Electronic Modulator in Graphene: An electronically driven graphene 
terahertz wave modulator based on modification of the conductivity of gra-
phene by controlling intraband transitions in a single graphene layer or 
alternately in graphene-semiconductor stacks [52]. Fig. 1.10 shows the con-
figuration of the graphene based terahertz modulator. In the experiment, 
graphene was placed on top of a SiO2/p-Si substrate. The carrier density of 
graphene was modified by applying a voltage between the top contact and 
the ring-shaped back gate. In this way, the transmission of terahertz wave 
can be tuned.  
 
Fig. 1.10 Scheme of the graphene THz modulator and its measurement results 
[52]. 
 
1.3 Plasmonics for Terahertz technology 
1.3.1 Plasmonic terahertz detectors 
Plasmonic terahertz detector based on high-electron-mobility transistor 
(HEMT) was first proposed by Dyakonov and Shur[53]. When a HEMT te-
rahertz detector is illuminated by terahertz radiation, and if ω0τ<<1 (ω0 is the 
angular frequency of terahertz radiation and τ is the electron scattering time), 
the plasma oscillations in the 2-dimensional electron gas (2DEG) are 
overdamped [54] and a direct current (DC) voltage ΔU is generated across the 
channel.  
When terahertz radiation is coupled into the 2DEG channel between the 




are simultaneously modulated by the incident terahertz field, which leads to a 
rectification for terahertz radiation and generates a DC terahertz response [54]. 
A HEMT-based plasmonic detector is effective for frequency range from a 0.1 
to 4.3THz [39]. The responsivity and the NEP are expected to be superior to 
that of the Schottky barrier diode. The response speed is limited by the transistor 
cut-off frequency and is on the order of gigahertz[55]. Therefore, FET-based 
plasmonic detectors are promising candidate for future terahertz technology. 
 
1.3.2 Plasmonic terahertz waveguides 
One of the most remarkable findings recently is successfully imaging of 
graphene plasmons in real space by near-field optical microscopy [56, 57]. A 
schematic pictures of the experiments are presented in Fig. 1.11. The wave-
length of graphene plasmons is around 200 nm. Graphene plasmons have ultra-
short wavelength λgp = 1/50λ0, the free space wavelength. In addition, both the 
amplitude and the wavelength can be tuned by varying the gate voltage. Te-
rahertz wave can be guided by graphene plasmons, thus paving the way towards 
plasmonic terahertz waveguides. 
Graphene plasmonic terahertz waveguide have advantages over conven-
tional waveguides: 
(1) Extremely high effective refractive index 
(2) Ultra-short wavelength 
(3) Tightly confined field  
(4) Record-small mode area 
(5) Strong tunability (gate voltage, light and magnetic field) 








Fig. 1.11 Experimental observations of graphene plasmons. Images of graphene 
plasmons propagating along a tapered graphene ribbon. Colored plots show 
near-field optical images taken with imaging wavelengths (λ0) of 9,200 nm 
(left), 9,681 nm (middle) and 10,152 nm (right), corresponding respectively to 
SiC dielectric constants of 2.9, 2.0 and 0.7. Red and white arrows indicate the 
localized edge plasmons. The topography (obtained by AFM) is shown in grey-
scale in the leftmost and rightmost panels. The line traces in the leftmost and 
rightmost panels are extracted from the near-field images for λ0 = 9,200 nm 
and λ0 = 10,152 nm.  [56, 57] 
 
1.3.3 Plasmonic terahertz modulators 
Another useful type of graphene plasmon is the localized graphene plas-
mon, which can be used to build terahertz modulators. It has been found that 
strong terahertz absorption by graphene micro-structures is due to localized 
plasmon resonances. By using multi-stack graphene disks, the terahertz absorp-
tion can be further enhanced as shown in the Fig. 1.12[75]. Since the carrier 








Fig. 1.12 Localized plasmons in graphene. (a) Image of a graphene micro-disk 
array. (b) Extinction spectra of graphene arrays with 1, 2, and 5 graphene layers 
[75]. (c) Scheme of the measured devices. (d) FTIR measurements for graphene 
nanodisk arrays.[58] 
 
1.4 Organization of Thesis 
Terahertz technology is receiving more and more attention due to the 
unique properties and promising applications. The lack of advanced technolo-
gies for manufacturing terahertz detectors, waveguides and modulators is the 
challenge to widespread use of terahertz technology. Plasmonic devices are ex-
pected to fill such a gap. Currently, plasmonic devices are still in the early stage 






In Chapter 1, we introduced the basic features of terahertz radiation, pre-
sented several representatives of applications of terahertz technology, and 
compared the advantages and disadvantages of frequently used terahertz detec-
tors, waveguides and modulators. The remaining five chapters of this thesis 
focus on the mechanism, design, fabrication, characterization, and application 
of the plasmonic terahertz detectors, waveguides and modulators [58].  
In Chapter 2, we introduce the current theories on surface plasmon and two-
dimensional plasmon.  The plasmonic FET based THz detection will also be 
discussed. An overview of the modes of operations and loading effect of the 
measurement read-out circuit are presented. Lastly, the state-of-the-art perfor-
mance of the plasmonic THz detector is presented and its theoretical limitation 
is discussed.  
In Chapter 3, we demonstrate plasmonic THz detectors based on Al-
GaN/GaN HEMTs. First, we introduce the device fabrication process for 
AlGaN/GaN HEMTs in details. Second, we illustrate the device characteriza-
tion set-up. Third, we demonstrate and analyze the terahertz response 
enhancement with use of nano antenna in AlGaN/GaN HEMTs. The nano an-
tenna effect is introduced to show its strong localized field enhancement. The 
THz detector with nano antenna is characterized and discussed, and the excel-
lent high temperature performance of this device is demonstrated and analyzed. 
Fourth, we integrate the GaN THz detector with a Fabry–Pérot cavity to build a 
resonant cavity enhanced GaN plasmonic detector. The combined use of the 
Fabry–Pérot cavity and the field-effect terahertz detector allows the THz beam 
to pass through the detector multiple of times. This method provides a novel 




by using a single-pixel GaN HEMTs terahertz detector. The terahertz imaging 
system is introduced and objects hidden in the envelope are successfully ob-
served from the transmission pattern recorded by the detector. In addition, the 
terahertz focal plane array based on 11×12 GaN terahertz detectors is designed 
and fabricated.  
In Chapter 4, we focus on edge plasmons and cut-off behavior of graphene 
nano-ribbon waveguides. Edge plasmons on the different widths of graphene 
nano-ribbon have been systematically studied. In addition, the edge plasmons 
follow a ω~k 1/2 dispersion relation and differ from that of center plasmon by a 
constant factor. The effects of edge defects on symmetric edge plasmons leads 
to a higher effective refractive index but a higher loss. In addition, the cut-off 
behavior of the center plasmon and the asymmetric edge plasmon as modelled 
and tested. 
In Chapter 5, an approach is proposed to realize the optical tuning of the 
THz transmission in graphene disks by means of a graphene-on-semiconductor 
structure.  In such a structure, the carrier concentration and the Fermi-level of 
the graphene disks can be changed by optical illumination of the adjacent sem-
iconductor through the transfer of the photo-generated carriers. This results in 
the tuning of plasmon resonance of the graphene. Graphene micro-disk arrays 
were fabricated on a silicon and the THz transmission loss was measured under 
different illuminations.  
In Chapter 6, we conclude the findings of this thesis and recommend the 





2. Chapter 2 Theory for Plasmonics 
 
Basic theories for the surface plasmon and the two dimensional plasmon are 
introduced in this chapter. Then, the fundamentals of plasmonic detection based 
on the Dyakonov-Shur theory covering the detection mechanism, modes of op-
eration and loading effect are reviewed.  
2.1 Basics of Plasmonics 
2.1.1 Surface plasmon polaritons at plane interfaces 
Surface plasmon polaritons are electromagnetic excitations that propagate 
along the interface between a dielectric and a metal medium[59]. The derivation 
of this excitation originates from Maxwell's equations. Let us start with a metal- 
dielectric interface (Fig. 2.1). 
 
 
Fig. 2.1 Interface between a metal and a dielectric. 
 
The continuity conditions of the transverse and normal field components on the 
interface are given by: 
 1 1, 2 2, 1 1, 2 2,,z z z zE E H H       (2.1) 




where the indices 1 and 2 indicate the dielectric medium and the metal medium, 
respectively. 
For wave propagation along the x-direction, the transverse-magnetic (TM) 
mode can be expressed as follow: 
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β is the propagation constant and the wave vector is ki = (β, 0, kz). 
By assuming no charges and currents (ρ = 0, J = 0) in the Maxwell’s equation, 






   (2.5) 
The surface mode has an imaginary propagation wave vector. Thus, the E-fields 
decay exponentially into the dielectric and metal as shown in Fig. 2.2 (a). In 
addition, the surface plasmon wave propagate along the interface as shown in 
Fig. 2.2 (b). 
 
 
(a)                                                             (b) 
Fig. 2.2 (a) Evanescent fields in the dielectric and metal. (b) Surface Plasmon 














  (2.6) 
Taking into account the frequency dependence of ε1(ω) and ε2 (ω), we de-
rive the dispersion relation as shown in the Fig. 2.3. Here we introduced the 
bulk plasmon frequency𝜔𝑝
2 = 𝑁𝑒2/(𝑚𝜀0), where N is the electron gas density, 
m is the electron mass. The vacuum light line is the linear dispersion relation 
for light in the vacuum ω = ck. 
 
Fig. 2.3 Dispersion relation of metal surface plasmons compared to light in vac-
uum and in the dielectric medium. 
 
2.1.2 Two dimensional plasmon polaritons at plane interfaces 
Now we investigate the unique properties of the plasmon modes of the two 
dimensional electron gas (2DEG). The TM mode on an infinite width conduc-
tive layer is analyzed in the geometry shown in the Fig. 2.4, where the two 




ε1 and bottom substrate of dielectric constant ε2. The transverse-magnetic (TM) 
mode can be expressed as follow: 
 1 1, 0, , 0
ikx Q z ikx Q z
z y xE Ae E E Be z
       (2.7) 
 2 2, 0, , 0
ikx Q z ikx Q z
z y xE Ce E E De z
       (2.8) 
Q1 and Q2 are the imaginary wave vector in z-direction, which decay expo-
nentially into the dielectric medium.  
After inserting these equations into Maxwell’s equations and matching the 
boundary conditions, we obtain the dispersion relation for the TM mode on an 
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   (2.10) 
where k is propagation wave vector of the 2D plasmon, σ is surface con-
ductivity, ε0 is vacuum permittivity, εeff is the effective permittivity of the 
environment. εeff   takes on different expressions based on the nature of the in-
terface. With the top medium being air and with no barrier, the effective 






eff      (2.11) 
With the top medium being a barrier with dielectric constant ε1, thickness 





















With the top medium being a barrier with thickness d and a metal gate on 
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eff kd      (2.13) 
Therefore, for the two dimensional system like AlGaN/GaN heterojunction, 














  (2.14) 
where m* is the electron effective mass, n is the carrier density and τ is the elec-
tron scattering time.  
Inserting equation (2.14) of conductivity to the Eq. (2.10) the dispersion 












   (2.15) 
Consider the barrier between the channel and the gate to be adequately 
thin so that kd <<1, the coth(kd) can be approximated by 1/kd according to 
Taylor series. The effective permittivity (Eq. (2.13)) for the metal gate case 












   (2.16) 
For thin barrier, the tanh(kd) can be approximated by kd according to Taylor 
series. The effective permittivity (Eq. (2.12)) for the no metal gate case (un-
































  (2.18) 
Where 𝐸𝐹 is the Fermi level and 𝜏 is the electron scattering time.  
Replacing this relation into Eq.(2.10), we can obtain the following plasmon 









   (2.19) 
Where k is propagation wave vector, εeff = (ε1+ε2)/2 is the effective permit-
tivity of the environment.  
 
Fig. 2.4 Schematic of the 2DEG plasmons TM modes 
 
2.2 Plasmonic Terahertz Detection 
A fundamental theoretical description of non-resonant THz detection in 
FETs is  given in the framework of the Dyakonov–Shur theory[61]. The basic 
hydrodynamic description of the electron transport in a FET is based on the 
continuity equation and the hydrodynamic Euler equation of motion: 
 0
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Here, n(x, t) is the carrier density and v(x, t) is the carrier drift velocity. U(x, t) 
is the electrical potential along the channel,  is the electron scattering time, m 
is the effective electron mass, and e is the elementary charge.  
The solution of Eq. (2.20) and (2.21) is in the following form: 
   21 2,  
i t i tU U eU et Ux        (2.22) 
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   21 2,  
i t i tn n en et nx        (2.24) 
where U , v  and n are the time-averaged channel potential, electron velocity 
and carrier density, respectively. iU , iv  and in are the amplitudes of oscillations 
at the i th harmonics and  is the frequency of the input signal. 
When the input signal Ua cos(t) is relatively small, n1, v1 and U1 are pro-
portional to Ua. While theU , v  and n  are proportional to Ua
2. The function 








. To the first order of Ua, we obtain following equations:  


















  (2.26) 
By solving the Eq. (2.25) for v1 and using it for Eq. (2.26), we can obtain 
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Where s is plasmon wave velocity. By solving the second-order differen-
tial equation, now we get the expression for U1, v1: 
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It can be used in the derivation for the v  and U .  
In order to describe the THz detection phenomena, we expand Eq. (2.20) 
and (2.21) using Eq. (2.22) - (2.24) and retain all stationary and time-independ-
ent terms to the second order of Ua: 
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Now, using Eq. (2.31), the induced terahertz detection signal ΔU =U(L)- 























where Ua is the induced ac gate-to-source voltage and  f (ω) is a dimensionless 
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  (2.35) 
where L is the channel length, and k1  is the real part and k2 is imaginary part of 
the wave vector k. 
The electron density n in the 2DEG channel of a HEMT can be described 











    (2.36) 
Here, V0 is the gate to channel voltage swing defined as V0=Vg-Vth, e is the elec-
tron charge, C is the gate capacitance, η is the ideality factor, kB is the Boltzmann 
constant, and T is the absolute temperature.  
Using Eq. (2.36), we get:  
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For GaN HEMTs, the plasmon velocity is about 3.76 × 105 m/s at Vg = -4.5 
V and 1.99 × 106 m/s at Vg = 0 V. 



















where VT = ηkBT/e and is related to the subthreshold slope. In this case, the max-






U f U V    (2.39) 
The THz response is measured by the voltage between the source and the drain. 
i.e., with Ua chosen to be 1 mV and η to be 1.5, the maximum response signal 
is about 6.38 μV.  
2.2.1 Resonant Detection 
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As a result, the plasmonic wave is able to be excited from the source side of the 
channel, reach the drain side and be reflected back to form a standing wave. The 
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For a short channel device where sτ ≫ L, the sharp resonances of response 
can be predicted at the fundamental frequency ω0 and its odd harmonics. It can 






















where n= 1, 3, 5, ....The resonance frequency can be tuned by the gate voltage. 
Thus, the terahertz detector operates as a tunable device with spectrum resolu-
tion. Such detectors have the potential to be applied in THz spectrometer. The 




temperatures. However, no clear resonant detection has been observed experi-
mentally at room temperatures so far.  
2.2.2 Non-Resonant Detection 
For ωτ ≪ 1, the plasmonic wave is overdamped and FETs operate as broad-
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The non-resonant response model was generalized by Knap et al. [43] to provide 
a unified equation for response above and below the device threshold by ac-
counting for the exponential dependence of gate bias on the electron 
concentration. The fundamental expression for the non-resonant response from 
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In a long channel device, the wavelength of the plasmonic wave is smaller 


















The efficiency factor f (ω) of 500 nm channel device with frequency is 




for the non-resonant detection. Therefore, the high mobility device is preferred. 
The High-electron-mobility transistor (HEMTs) with higher electron mobility 
is a good candidate for this applications compared to silicon MOSFET. 
 
Fig. 2.5 Efficiency factor dependence on electron mobility for non-resonant 
plasmonic detection. 
 
The broadband detection of the plasmonic wave for the terahertz radiation 
was pioneered in the 1990s. Since that time, a lot of works has demonstrated the 
non-resonant THz detection using HEMTs based on different semiconductor 
materials.  
2.2.3 Operation Mode of Non-Resonant Detection 
Conceptually, non-resonant plasmonic radiation detection can be under-
stood as shown in Fig. 2.6. The terahertz radiation signal is coupled to both the 




gate modulation, an AC signal applied to the gate-source terminal will be recti-
fied to DC response along the drain-source terminal. In this way, the amplitude 
of the terahertz signal can be detected and measured.  
Apparently, small longitudinal density variations generate considerable 
longitudinal electrical potential oscillations, which then mix with the ac gate 
signal to generate the rectified signal. The DC voltage is a consequence of the 
buildup of the rectified signal over the decay length of the channel, amounting 
to about 100 nm in the present case. 
 
Fig. 2.6 Operation mode of the terahertz detector based on GaN HEMTs. 
This terahertz response generated from overdamped plasmonic waves is a 
nonlinear rectification process due to the simultaneous modulation for the car-
rier density and carrier velocity. The rectification of a THz signal is not limited 
by the transit-time, because overdamped plasmonic waves do not depend on the 
charge carrier transportation. For long devices, i.e. the channel length is much 




to the gate edge where the THz signal is coupled (shown in Fig. 2.7). The re-
maining part of the channel can be considered a capacitive shunt, which 
provides the non-uniformity of the charge density required for rectification. 
Therefore, THz signal is self- rectified by the plasmonic wave. 
 
 
Fig. 2.7 Carrier density distribution along the channel depicted at four different 
time points (fractions of the oscillation period T). 
 
Figure 2.8 displays the calculation results showing the spatiotemporal evo-
lution of the sheet density in the transistor’s channel and the build-up of the 
rectified signal. The plasmonic waves are induced from the source side of the 
channel. This can be seen in Fig. 2.8 from the tilt of the density variations away 
from the horizontal axis, which clearly indicates propagating density oscilla-
tions. Because of overdamping (ωτ ≪ 1), the plasmonic waves totally decay 
before reaching the drain side. The distributed resistive mixing effect leads to a 
gradual build-up of the rectified voltage. Rectification is determined by the plas-
monic response in the channel. The plasma waves, albeit strongly damped, 



































create an oscillating electric field along the FET channel needed for the rectifi-
cation process. 
 
Fig. 2.8 Spatial-temporal carrier dynamics and induced DC voltage along the 
channel for 300 GHz radiation. Distribution of relative sheet density along the 
channel as a function of time.  
2.2.4 Loading Effect 
When the HEMT detector is connected to the lock-in amplifier, the output 
voltage is modified by the loading factor determined by the load impedance and 
the channel impedance [55, 60]. For the non-resonant detection, the response 











  (2.47) 
where Rch is the channel impedance and ZL is the load impedance. For the open 
load condition (ZL ≈ ∞), ΔU remains constant for Vg < Vth and decreases with 




To illustrate the loading effect on the detector response, the THz detector 
can be equivalent to a voltage source with a channel impedance Rch in series 
with the input impedance of the lock-in amplifier [60]. As shown in Fig. 2.9, 
ΔU decreases at negative values of Vg due to the loading effect (Rch ≫ ZL).  
 
Fig. 2.9 Detector output voltage with loading effect vs. gate bias voltage at dif-
ferent load impedances. The threshold voltage Vth= -4.5 V. 
 
To sum up, we summarize the existing theories on the THz detection by a 
field-effect transistor. The detection response based on the hydrodynamic 
transport equation and the continuity equation is derived. In addition, the oper-
ation mode and load effect are discussed. The HEMTs with high coupling 
efficiency (large Ua), small ideality factor η and high electron mobility are pre-






3. Chapter 3 Plasmonic terahertz detector based 
on GaN HEMTs 
 
This chapter introduces the physical aspects of a GaN HEMT, its material prop-
erties, its polarization effects in AlGaN/GaN hetero-structures, and its operation 
principle. The fabrication and characterization of plasmonic terahertz field-ef-
fect detectors based on an AlGaN/GaN high-electron-mobility transistor 
(HEMT) are introduced. The device fabrication processes are discussed in de-
tail. By characterization, we not only obtain the output and transfer 
characteristics, but also the responsivity and the noise-equivalent power (NEP). 
We report a sub-terahertz (THz) plasmonic detector based on a 0.25 m gate-
length AlGaN/GaN high electron mobility transistor (HEMT) with nano-anten-
nas. The fabricated device shows excellent performance with a maximum 
responsivity (Rv) of 15 kV/W and a minimal noise equivalent power (NEP) of 
0.58 pW/ Hz0.5 for 0.14 THz radiation at room temperature. The THz respon-
sivity and noise equivalent power (NEP) of the device were also characterized 
over a wide temperature range from room temperature to 200 oC. A high re-
sponsivity Rv of 2.7 kV/W and a low NEP of 10 pW/ Hz
0.5 were obtained at 200 
oC. In addition, a method to enhance the responsivity of a transistor terahertz 
(THz) detector by introducing a Fabry-Pérot (FP) cavity was proposed. The 
measured detector responsivity shows 2.5 times enhancement compared to the 
device without the cavity and lower noise equivalent power (NEP). Finally, te-
rahertz imaging based on a single-pixel detector is demonstrated with high 
spatial resolution and good signal-to-noise ratio. An 11 × 12 focal plane array 




3.1 Introduction to GaN HEMT 
Gallium nitride (GaN) has become the research hotspot in semiconductor 
materials and devices all over the world since 1990s. Gallium nitride is a direct 
bandgap semiconductor. Its wide band gap of 3.4 eV gives it special properties 
for applications in blue LED and laser[63] and high-power and high-frequency 
amplifiers[64, 65]. 
Compared to Si and GaAs based transistors, GaN based HEMT has a higher 
2DEG channel density (1013/cm2) due to its strong spontaneous polarization and 
piezoelectric polarization, large saturation velocity, high breakdown voltage, 
and the ability to operate at high temperatures. Gallium nitride HEMTs are 
therefore one of the most promising devices for high frequency, high power, 
and high temperature applications[66]. 
 
Fig. 3.1 Bandgap versus lattice constant of III-V nitride semiconductors [82]. 
 
The AlGaN/GaN hetero-structure is the most commonly used structure for 
GaN HEMTs. A hetero-structure is formed when two different materials are 




having a large band gap difference, an energy discontinuity is created in the 
band diagram. Fig. 3.1 visualizes the bandgap of different III-V nitride semi-
conductors and it shows AlGaN has a larger bandgap than GaN. The band gap 
discontinuity results in the formation of a triangular quantum well in the con-
duction band at the AlGaN/GaN interface as shown in Fig. 3.2. The electrons 
are confined into the triangular quantum well and form two-dimensional elec-
tron gas (2DEG). 
 In AlGaN/GaN heterostructures, the dominant cause behind the accumu-
lation of carriers in the triangular quantum well is spontaneous polarization and 
piezoelectric polarization, resulting in interface charge without the presence of 
any intentional doping. Spontaneous polarization is a result of intrinsic asym-
metry of the bonding in the Wurtzite crystal structure. Piezoelectric polarization 
is induced by the lattice mismatch between AlGaN and GaN. Due to spontane-
ous polarization and piezoelectric polarization, a net positive charge develops 
at the interface. In order to compensate for the positive charge, electrons accu-






Fig. 3.2 Conduction band diagram for charge distribution in the AlGaN/GaN 
heterostructure [83]. 
 
Gallium nitride HEMT is a field effect transistor (FET) in which the current 
flow between the source and drain terminals is controlled by the electric field 
generated by the voltage applied at the gate terminal. By tuning the gate voltage, 
the electron energy in the triangular quantum well is raised or reduced and the 
two-dimensional electron gas is filled or depleted as shown in Fig. 3.3. When 
the gate bias Vg < Vth, the 2DEG density can be fully depleted and the channel 






Fig. 3.3 The energy band diagram in a device cross section. Under zero bias 
Vg=0, the transistor is open and 2DEG is formed in the channel. Under negative 
bias Vg< Vth, the 2DEG is depleted and the channel is closed. 
 
3.2 Detector Fabrication 
Here, THz detector fabrication processes will be introduced. To achieve 
high performance THz detectors, many semiconductor processing technologies 
are required, such as electron-beam evaporation, plasma-enhanced chemical va-
por deposition (PECVD), reactive-ion etching (RIE), inductively coupled-
plasma etching (ICP), UV photo-lithography, electron beam lithography (EBL) 
and rapid thermal processing (RTP). A typical terahertz detector based on an 
AlGaN/GaN HEMT is shown in Fig. 3.4. The left side of the figure shows the 
scanning-electron microscope (SEM) image of the device under testing with 
bond pads and interconnect. The right side of the figure shows a single device 






Fig. 3.4 SEM images of an AlGaN/GaN terahertz detector: (a) top view of the 
detector with bond pads and (b) a single device with drain, source, and gate. 
  
The main steps in the fabrication process of a terahertz detector based on a 
AlGaN/GaN HEMT (as shown in Fig. 3.5) are wafer cleaning, mesa formation, 
ohmic contacts formation, gate formation, passivation, and bond pad formation. 
a. Wafer cleaning. The surface of the GaN wafer should be free of con-
tamination, and it is essential to have good performance THz detectors. The 
GaN wafer with a AlGaN/GaN heterostructure is grown on a silicon substrate 
and cleaved into small pieces or samples by a diamond pen. A cleaning process 
is performed before the fabrication steps. The first step is to remove organic 
contamination using a Piranha solution (H2SO4:H2O2 = 4:1) at 120 ℃. The sec-
ond step is to remove the native oxide layer on the sample surface using buffered 
oxide etchant (BOE), which has a 1:7 mixture ratio of HF: NH4F (12.5: 87.5%). 
The final step is wafer rinsing and drying since the surface can be easily recon-
taminated by organics and particles floating on the surface of water. The wafer 
is rinsed with an ultrasonic cleaner with acetone and isopropyl alcohol (IPA) 







Fig. 3.5 The fabrication processes for a GaN terahertz detector. 
 
b. Active region formation. The active region (mesa) of the THz detector 
is an island with an AlGaN/GaN 2DEG channel. The AZ5214 photoresist is 
used as a mask to cover the device surface and the other part of the wafer is 
etched away. Photolithography is used to define the dimension of the active re-
gion. The dry etching of the unwanted area is done by inductively coupled-
plasma etching (ICP), which is based on ion bombardment and chemical reac-
tion with an improved selectivity and etch rate. We use a two-step ICP etching 
process to improve the linearity of the etch rate. The first step is only to use 




BCl3/Cl2 mixing gas to etch GaN for 2.5 mins. The etch rate is 60 nm/min and 
the total depth of mesa isolation is 150nm. 
c. Ohmic contacts formation. Source and drain terminals need to be con-
nected with the 2DEG channel by ohmic contacts. The pattern of source and 
drain are fabricated by UV lithography and then followed by Ti/Al/Ni/Au 
(20/120/40/50 nm) e-beam deposition. A lift-off process is performed in an ul-
trasonic cleaner with acetone solution to remove the unwanted metals. The 
ohmic contacts were formed in a RTA process with N2 ambient as shown in Fig. 
3.3. First, the chamber is purged by N2 gas three times to remove contaminations 
before annealing. Second, the device is heated up to 400 ℃ over 30s and hold 
for 5s at 400 ℃ to release the temperate overshot caused by the PID controller. 
Third, the temperature is raised to 830 ℃ over 30s and hold for 30s at 830 ℃. 
Finally, the devices were naturally cooled down to room temperature. Ohmic 
contact is significant for AlGaN/GaN HEMT, and it determines the contact re-
sistance, which is closely related to current density, transconductance, cut-off 
frequency, and power density. A standard technique uses a combination of four 
metal layers (Ti/Al/Ni/Au) [67-69] to form ohmic contact with GaN. Ti is the 
first metal layer and it is able to form TiN with AlGaN. This reaction is cata-
lyzed and enhanced by the second metal layer Al[70]. The third metal layer is 
Ni, which works as a diffusion block layer. The fourth metal layer, Au, is the 
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Fig. 3.6 Schematic presentation of the steps in the rapid thermal annealing pro-
cess. 
 
d. Schottky gate formation. Gate formation is a key process to make high 
performance THz field-effect detectors. Since the detector response is propor-
tional to the gate control of the 2DEG channel in the HEMT, the gate pattern is 
formed by photo-lithography for the gate length > 1μm and the nanometer gate 
length is fabricated by electron-beam lithography (EBL). The metals for the 
large gate length are Ni/Au (20 nm/180 nm). The nanometer gate was made of 
Ni/Au (20/80 nm) by a lift-off process.  
e. Surface Passivation. AlGaN/GaN HEMT have surface/interface-related 
problems[71], including current collapse[72], excess gate leakage[73, 74], and 
aging of Schottky contacts[75]. In order to solve these problems, a surface pas-
sivation process was performed and a layer of 500nm SiO2 was deposited on 




f. Interconnect and Bonding pads. The via-hole technology is applied to 
the detector for interconnection. The via-holes are defined by photolithography 
and reactive-ion etching (RIE) and are filled with Ni/Au (20/180 nm) by e-beam 
evaporation: thus connecting the gate electrodes to the bond pads. 
3.3 Detector Characterization 
Detector characterization is discussed in this section. The detector charac-
terization set-up is introduced in detail. Terahertz detectors are characterized in 
terms of output characteristics, transfer characteristics, terahertz responsivity, 
noise-equivalent power (NEP), polarization dependence, and response speed. A 
schematic illustration of the high frequency characterization setup is shown in 
Fig. 3.7. A continuous-wave (CW) 140 GHz sub-THz radiation is generated 
from an IMPATT diode and focused onto the surface of the GaN HEMT with 
nano-antennas by an Indium tin oxide (ITO) mirror and two off-axis parabolic 
mirrors. A light emitting diode (LED) is used to assist in the alignment between 
the sub-THz radiation and the device. The radiation power focused onto the de-
vice area is calibrated using a standard pyroelectric power meter with an 
aperture of 1.5 mm in diameter. The GaN HEMT is mounted on a FR-4 PCB 
board and its gate electrode is connected to a DC bias (GWInstek GPD-3303S). 
The source electrode of the GaN HEMT is grounded and the radiation induced 
DC drain voltage (ΔU) was measured by a lock-in amplifier (Standford SR830). 
The sub-THz radiation source is modulated at 1111 Hz by a wave function gen-
erator, and the modulation signal is fed into the lock-in amplifier 
simultaneously. The DC electrical performance of the GaN HEMT is measured 





Fig. 3.7 Experimental set-up for the terahertz detector characterization. 
 
The DC electrical performance of the GaN HEMT is very important for us 
to estimate our terahertz detector. There are two main characteristics: output 
characteristics and transfer characteristics. The output characteristic is the curve 
that plots the source–drain current with the source–drain voltage when the gate 
is applied at a fixed voltage as shown in Fig. 3.8. The output characteristic is 
the curve that plots the source–drain current with the gate voltage when the 
source–drain is applied at a fixed voltage as shown in Fig. 3.9 (a). In the output 
characteristic, the source–drain current is linearly proportional to the source–
drain voltage before the saturation voltage. After the saturation voltage, the cur-
rent will be saturated as a platform. In the transfer characteristic, the source–
drain current can be tuned by the gate voltage and cut off when the gate bias Vg 
< Vth. The transconductance Gm is the change in the drain current divided by the 














The transconductance as a function of gate voltage is plotted in Fig. 3.9 (b). 
Output characteristics and transfer characteristics are able to obtain useful pa-
rameters such as threshold voltage Vth, gate leakage, and channel resistance Rds.  
 

































Fig. 3.8 Direct current output characteristics of a typical GaN HEMT terahertz 
detector. 
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Fig. 3.9 Direct current transfer characteristics of a typical GaN HEMT terahertz 
detector.  
 
Sub-THz detection was carried out at room temperature using the fabricated 
GaN HEMT with and without nano antennas. As shown in the previous work 
from M. Shur[76], the drain current is able to stimulate the THz response. In 
order to avoid the influence from drain bias, zero drain-bias detection was per-





wire[77], we ensured the bonding wires and the angles of incident THz waves 
were identical for the devices with and without nano antennas. 
The responsivity and the NEP are the most important aspects to character-







   (3.2) 
where ΔU is the measured photovoltage and Pd is the radiation power on the 
detector. Assuming that the radiation power is uniformly distributed over the 
beam spot size, Pd can be estimated as Pd= Pb· (Ad/Ab), where Pb is the total 
power of the beam, Ab is the beam spot size, and Ad is the active area of the 









   (3.3) 
The method to estimate the active area Ad of a THz detector is varied by 
different researchers. In some papers, like “Broadband Terahertz Imaging with 
Highly Sensitive Silicon CMOS Detectors”[40], researchers use the detector 
pitch (210 μm) to estimate the active area (A= 210 x 210 μm2). In other papers, 
such as “Ultrahigh Sensitive Sub-Terahertz Detection by InP-based Asymmet-
ric Dual-Grating-Gate High-Electron-Mobility Transistors and their Broadband 
Characteristics”[79], researchers use the mesa area to estimate the active area, 
which is 20 x 20 μm2. We estimate our active area following the second method 
using the active mesa dimension, which is 14 × 35 um2. The total dimension of 
one pixel is 324 um × 230 um2. 
Noise-equivalent power is an important parameter to evaluate detector per-
formance. The dominant noise source in the GaN HEMT detector is the thermal 










   (3.4) 
where Rds is the channel resistance and Rv is the detector responsivity. Rds can 
be determined from the static transfer characteristics. 
3.4 Introduction to Nano Antenna Effect 
In recent years, much attention has been focused on the research and de-
velopment of electronic devices operating in the sub-terahertz (sub-THz) and 
THz regimes [80]. Terahertz detectors based on Si metal-oxide-semiconductor 
field effect transistors (MOSFETs) [39, 40], GaAs, and InP high electron mo-
bility transistors (HEMTs) have been widely reported [79]. The nonlinearity in 
the two-dimensional electron gas (2DEG) channel of a transistor has been pro-
posed for broadband non-resonant detection from millimeter-wave to THz 
radiation, with the advantages of room temperature operation, high responsivity, 
and low noise equivalent power (NEP) [81]. Compared to Si and GaAs-based 
transistors, GaN-based HEMT has a higher 2DEG channel density due to strong 
spontaneous polarization and piezoelectric polarization, large saturation veloc-
ity, high breakdown voltage, and the ability to operate at high temperatures. 
Gallium nitride HEMTs are therefore one of the most promising devices for 
high frequency, high power, and high temperature applications. While GaN 
HEMTs for microwave communication and power applications are now com-
mercially available [82], only a few publications report GaN HEMTs working 
as detectors at THz and sub-THz ranges. Non-resonant detection in GaN 
HEMTs was first demonstrated by Knap et al. at 200 GHz [81]. The Panasonic 




GaN HEMT with 80 nm gate dipole antennas [83]. Detection of 0.9 THz radia-
tion with a 3.6 kV/W responsivity and 40 pW/Hz0.5 NEP was also achieved in 
GaN HEMTs using floating antennas by Sun et al. [84]. 
An asymmetric antenna structure has been proposed to enhance the THz 
detector performance of InP HEMTs [85] [86]. It has been reported that an 
asymmetric structure can enhance the detection responsivity by more than two 
orders compared to a symmetric structure[86]. In addition, a nano-antenna 
structure has also been proposed to enhance the electric field of THz radiation 
[87-89]. However, such nano antennas have not yet been reported to be applied 
in a HEMT THz detector. In this work, we demonstrate a GaN HEMT THz 
detector with asymmetric nano-antennas included.  
A simulation was carried out using COMSOL multiphysics to analyze the 
effect of nano antennas on the electric field distribution in a HEMT detector 
under THz radiation. A GaN HEMT structure with a gate length of 250 nm was 
used in the simulation. A plane wave at 0.14 THz was used to illuminate the 
structure. The magnitude of the E-field of the incident THz plane wave was kept 
at 1 V/m. Figure 3.10 shows the simulated normalized electric field distribution 
on the GaN surface for two structures: (a) a novel HEMT with nano-antennas 
of 100 nm × 1 µm blocks uniformly distributed along the direction of gate and 
a gap to the gate of 200 nm; and (b) a traditional HEMT without a nano-antenna 
array. 
When THz radiation is coupled into the gate of the HEMT, a carrier density 
perturbation is induced in the 2DEG channel and decays exponentially with a 
distance of a few hundreds of nanometers from the source side of the gate edge 




plays a significant role in the THz detection.  As shown in Fig. 3.10 (a), it can 
be seen that electric field intensity is greatly enhanced near the gate edge pre-
dominantly due to the nano-antenna effect[89]. As the width of the electrodes 
is much smaller than the wavelength of the THz radiation, the electric field is 
strongly localized and confined. The introduction of nano-antennas effectively 
improve the localization of electric field due to the strong carrier oscillation in 
the nanoscale metals. Fig. 3.10 (c) shows the electric filed distribution along the 
cut-line in Fig 3.10 (a) and (b). It can be seen from Fig. 3.10 (c) that the nano-
antenna-assisted evanescent wave tunnels through the sub-wavelength gap and 
couples into the gate electrode, which effectively improves the electric field in-
tensity near the gate edge. The Fig. 3.10 (d) plots the electric field intensity 
enhancement factor |Enano|2/|Enon-nano|2 (defined as the ratio of the electric field 
intensity at the gate edge with nano-antennas and that at the gate edge without 
nano-antennas) as a function of the gap between the nano-antenna and the gate 
edge. It was found that the enhancement can be 2 times in a 200 nm gap and up 
to 8 times if the gap is shrunk to 50 nm. Similar strong terahertz near-field en-
hancement was also observed by M. A. Seo et al [88]. 































































































































Fig. 3.10 Normalized distribution of the electric field |E| on the GaN surface 
around the gate (top view) (a) with nano antennas and (b) without nano anten-
nas. (c) Comparison of the electric field distribution along the cut line in (a) and 
(b). (d) Field intensity enhancement as a function of the gap between the nano 
antenna and the gate edge. 
 
3.5 Enhanced Terahertz Response at Room Temperature 
The GaN HEMT fabricated in this work has epilayers including a 3 nm 
unintentionally-doped (UID) GaN cap layer, a 20 nm UID Al0.25Ga0.75N barrier, 
a 1 nm AlN spacer, and a 1.5 m UID GaN buffer. It was grown on a 6-inch 
high-resistivity Si (111) substrate with a thickness of 675 μm by metal organic 
vapor phase epitaxy. A schematic diagram of the cross section of the device is 
shown in Fig. 3.11(a). The 2DEG electron mobility and density characterized 
by Hall measurement are ~2100 cm2/Vs and ~1.0×1013 cm-2, respectively. The 
device fabrication started with mesa isolation by BCl3/Cl2 plasma etching. 
Source and drain ohmic contacts were formed by Ti/Al/Ni/Au (20/120/40/50 
nm) e-beam deposition followed by 850 oC rapid thermal annealing in N2 am-
bient. The gate and nano-antennas were made of Ni/Au (20/80 nm) using e-
beam lithography and a lift-off process. The detailed fabrication process was 
introduced in section 3.2. A scanning electron microscope (SEM) image of the 
top view of the fabricated GaN HEMT sub-THz detector with nano antenna is 
shown in Fig. 3.11(b). An asymmetric nano antenna was placed near the gate of 
the HEMT. The gate length is 250 nm and the nano antennas have the dimension 
of 100 nm × 1 µm. The gap between the gate and nano antenna is 200 nm. The 





Fig. 3.11 (a) Schematic of the cross section and (b) SEM image of the top view 
of the GaN HEMT sub-THz detector. Inset: The device with the same dimen-
sion but without a nano antenna structure. 
 
The device was characterized by the home-mode terahertz characterization 
set-up discussed in section 3.3. The DC output and transfer characteristics of 
GaN HEMTs with and without nano antennas are shown in Fig. 3.12. Both of 
the fabricated GaN HEMTs exhibit good gate modulation and similar transfer 
properties. The threshold voltage Vth is around -4.5 V for both devices. The de-
vice with nano antennas has a bit higher drain current Ids and better 
transcendence gm, which can be attributed to the non-uniformity across the 
whole 6-inch wafer. 
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Fig. 3.12 Direct current (a) output and (b) transfer characteristics of the GaN 














The responsivity Rv as a function of gate voltage Vg is plotted in Fig. 4.4. 
Responsivity Rv is estimated by the procedure discussed in Chapter 3. We esti-
mate our active area following the method in Ref. [79] using the active mesa 
dimension, which is 14 × 35 um2. The total dimension of one pixel is 324 um × 
230 um2. As can be seen in Fig. 4.4(a), the maximum responsivity of the GaN 
HEMT for the radiation at 0.14 THz is achieved as 15 kV/W at room tempera-
ture, which is among the best values reported for non-resonant detection by GaN 
HEMTs[83, 84]. Figure 4.5 summarizes the reported best THz detector perfor-
mance based on various semiconductor transistors. For comparison, the device 
without nano antennas has a responsivity around 8.3 kV/W. It is about 1.8 times 
enhancement for the device with nano antennas. In a general picture, the detec-
tor’s output voltage is ΔU∝eUa2/4ηkBT [81], where Ua is the amplitude of the 
gate-to-source voltage induced by incident THz radiation, e is the electron 
charge, η is the subthreshold slope, kB is the Boltzmann constant, and T is the 
absolute temperature. The term e/kBT is constant at room temperature. The sub-
threshold slope η can be determined by the transconductance gm as shown in 
Fig. 4.3 (b). By theoretical fitting[90], as shown in Fig. 4.4 (a), Ua
2 is found to 
be 1.95 × 10-4 V2 for the device with nano antennas and 1.08 × 10-4 V2 for the 
device without nano antennas. The term Ua depends on the power of the THz 
source and the coupling efficiency between the incident radiation and the gate 
diode in the HEMT. As the above simulation shows, due to the nano-antennas 
located near the gate, a strong localization field was induced and the THz radi-
ation was more efficiently coupled to the 2DEG channel, leading to an 
enhancement of Ua. Thus, the output voltage ΔU was improved. Consequently, 




influence on the detector performance[91], and the performance of our device 
can be expected to be higher if the substrate is thinned down to below 100 μm. 
Moreover, the responsivity versus the gate voltage swing Vg – Vth has a 
sigmoid-like behavior. When Vg>Vth, the responsivity is very small and only 
around 50 V/W. When Vg shifts negatively and close to Vth (-4.5 V), the respon-
sivity begins to rise rapidly and reaches a plateau after the device 2DEG channel 
is deeply depleted (Vg < Vth). The sub-THz responsivity stays constant all the 
way to Vg= -6 V. The GaN device measured here has a relatively low channel 
resistance (Rch~200 kΩ) due to the large gate leakage when Vg is below the 
threshold voltage, which is much smaller than the input impedance of the lock-
in amplifier (Zin=10 MΩ). Therefore, the loading effect, which causes the re-
sponsivity drop after Vg < Vth is observed during the measurement using a lock-
in amplifier [90, 92], is negligible for our GaN HEMT terahertz detector. 
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Fig. 3.13 (a) Detection responsivity Rv with and without nano antennas and (b) 
NEP measured at different gate voltages for GaN HEMT with and without nano 
antennas at 0.14 THz radiation. 
 
Noise equivalent power is an important parameter to evaluate the detector 
performance. The dominant noise source in the GaN HEMT detector is the ther-






 0.5/Rv, where Rds is the channel resistance and Rv is the detector re-
sponsivity[40]. Rds can be determined from the static transfer characteristics 
shown in Fig. 3.12 (b). Fig. 3.13 (b) shows the NEP values as a function of the 
gate voltage. A minimal NEP value of 0.58 pW/ Hz0.5 is achieved at Vg= -4.2 V 
at room temperature. As a comparison, the device without nano antennas has a 
minimal NEP of 1.07 pW/ Hz0.5. This NEP improvement can be attributed to 
the responsivity enhancement from nano antennas. When Vg becomes negative, 
the NEP decreases with Vg first due to the increase of the responsivity and then 
it increases for Vg below -4.2 V due to the increase in output channel resistance. 
The NEP for our nano antenna device is comparable to other reports of FET-
based detection of sub-THz waves [40, 79], as shown in the inset table of Fig. 
3.14. 
Interestingly, although the gate leakage current suppresses the loading ef-
fect and minimizes the responsivity drop when Vg < Vth during the measurement 
using a lock-in amplifier, it does not increase the device’s intrinsic responsivity. 
It is still desirable to improve the device’s gate structure design such as adopting 
a MOS structure to reduce the gate leakage current, as a large gate leakage cur-
rent will introduce an extra shot noise and increase the NEP level. It will also 












































GaN 1  N.A. 1.1  [7] 
GaN 0.9  40 3.6  [8] 
Silicon 0.292  8  5  [2] 
Silicon 2.9  487  0.03 [3] 
InP 0.2  0.48  22.7 [4] 
InP 1  15  2.2 [10] 




    
 
 
    
    
    
 
Fig. 3.14 Summary of the reported THz detection performance of different 
HEMTs at room temperature. The dash line shows a theoretical curve for re-
sponsivity limitation [39]. 
 
The non-resonant detection in a GaN HEMT is typically sensitive to the 
polarization of the incident electromagnetic (EM) wave. Fig. 3.15 shows the 
polarization dependence of the response with a different azimuthal angle φ be-
tween the incident EM electric field and HEMT source-to-drain direction. The 
maximum response was obtained at φ=0, where the incident field is parallel to 
the source-drain direction. A two-lobe shape for the responsivity is observed, 
which follows the cos2φ law well. The discrepancy of the size of one lobe from 
the theory is due to the influence of the bonding wire interacting with the inci-



















Fig. 3.15 The GaN HEMT responsivity to 140 GHz radiation versus the polari-
zation angle. 
 
To measure the amplitude modulated response, the 0.14 THz wave was 
turned ON and OFF at a frequency f. It was found that the HEMT is able to 
respond up to a frequency f =100 kHz (Fig. 3.16). The detector’s response was 
measured in the deep depletion regime at Vg=-6 V. It can be seen that the meas-
ured detector’s bandwidth is around 100 kHz. The low bandwidth measured in 
this work is limited by the un-optimized measurement setup (for example, the 
relatively low input impedance of the lock-in amplifier and the parasitic capac-
itance of the cables). With improvements in the measurement setup in the future, 





























Frequency (kHz)  
Fig. 3.16 The detection responsivity of the GaN HEMT as a function of the 
modulation frequency for the 0.14 THz wave. 
 
In conclusion, room temperature sub-THz detection by AlGaN/GaN 
HEMTs with novel nano-antennas was demonstrated. A maximum responsivity 
above 15 kV/W and a minimum NEP of 0.58 pW/Hz0.5for 0.14 THz radiation 
were obtained. The response was found to be polarization dependent. The prom-
ising results indicate the great potential for GaN HEMTs to be used as sub-THz 
detectors for various applications. 
3.6 High Temperature Terahertz Detection 
With the development of terahertz (THz) technologies, a compact, high 
speed and highly sensitive detector working at sub-THz and THz ranges is 
highly desirable[77, 94-98]. Field-effect transistors (FETs) have been used to 
fabricate THz detectors, benefiting from the nonlinear properties of the plas-
monic excitations in the two-dimensional electron channels. The FET THz 
detectors hold advantages of high sensitivity, fast response, ability to operate at 




semiconductor FETs (MOSFETs), GaAs high electron mobility transistors 
(HEMTs), InP HEMTs, or GaN HEMTs have been reported with broadband 
responsivities for the THz radiation[99]. The  responsivity of Si-FET integrated 
with a bow-tie antenna has reached 5kV/W at 0.292 THz[40]. A very high re-
sponsivity of 22.7 kV/W at 0.2 THz has been  demonstrated using an InP HEMT 
with an asymmetric dual-grating-gate[79].   
It is demanding to develop terahertz detectors with high sensitivity at ele-
vated temperatures for the purpose of applications in a harsh environment. 
However, the currently widely used terahertz detectors includes bolometer, py-
roelectric detector, schottky diode and Golay cells. Pyroelectric detector and 
Golay cells detect up to room temperature[80]. This is due to their intrinsic lim-
itation that the detection is based on the induced temperature change by 
absorption of terahertz photons and higher temperature will increase the back-
ground noise and reduce sensitivity. Schottky diode or FET detectors made of 
Si, GaAs or InP have different detection mechanisms and are able to work at 
room temperature. However, Si, GaAs or InP has a relatively narrow band gap 
(1.12~1.42 eV) and thereby a high intrinsic carrier density that increases expo-
nentially with the temperature, which will enlarge the device leakage current 
and degrade the device performance. Therefore, it is difficult for Si, GaAs or 
InP FET terahertz detectors to work at high temperatures.  
As a wide-bandgap material, GaN has attracted lots of interest from both 
academia and industry for electronic[66] and optoelectronic device applica-
tions[63]. GaN HEMTs have also shown excellent performance for sub-THz 
and THz detection. Panasonic Corp. has reported detection responsivity of 1.1 




the large bandgap of GaN at ~3.4eV and thus lower intrincsic carrier density, 
the GaN HEMTs are endowed with the potenitals to work well at high temper-
atures[100]. In this paper, we report for the first time a THz detector based on 
GaN HEMT with the ability to work at high temperatures up to 200 oC. It is the 
first semiconductor device allowing terahertz detection operating at such a high 
temperature. The mechanisms inside the temperature dependence of the detec-
tion responsivity and noise equivalent power (NEP) are also studied.  
 
3.6.1 Advantages of GaN HEMTs for high temperature terahertz 
detection 
A fundamental theoretical description of the non-resonant THz detection in 
FETs has been given in the framework of the Dyakonov–Shur theory[61]. The 
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By adding intrinsic carrier density ni to the unified charge control 












    (3.7) 
Here V0 is the gate-to channel voltage swing defined as V0=Vg-Vth, C = en0/ 




and T is the absolute temperature. ni is the intrinsic carrier density of semicon-
ductor. At high temperatures, the carrier density equals the intrinsic carrier 
concentration, while at low temperatures the carrier density is dominated by the 
induced 2DEG. 











   (3.8) 
It can be seen that the intrinsic carrier density is exponentially dependent 
on the bandgap, which a huge difference for semiconductors. Nc and Nv are the 
effective density of states in conduction band and valence band, which is pro-
portional to T3/2. The intrinsic carrier density for silicon is about ~ 1×1010 cm-3, 
for GaAs is about ~2×106 cm-3, for InP is about 1×107 cm-3, however, for GaN 
is extremely low ~1.9×10-10 cm-3 due to its wide bandgap, which will provide 
GaN unique properties for high temperature terahertz detection. The tempera-
ture dependence of band gap is calculated by the Varshni equation.  
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Where VT = ηkBT/e and is related to the sub-threshold slope. n0 is the elec-
tron density in the channel, which is 1×1013 cm-2 for GaN HEMTs, 7×1011 cm-
2 for GaAs HEMTs[101], 1×1013 cm-2 for InP HEMTs[102], 3.5×1011 cm-2 for 
silicon MOSFET[96]. Ua is the coupling efficiency of the incoming radiation to 
the antenna. 
The normalized response degradation (ΔU(T) - ΔU(300K))/ΔU(300K) with 
temperature for GaN HEMTs, GaAs HEMTs, InP HEMTs and Silicon 
MOSFETs is plotted in the Fig. 3.17. At room temperature, the intrinsic carrier 
concentration is negligible compared to n0 and the ratio ni/n0 << 1 for all the 
transistors. Therefore, the term Vth(ni/n0) is negligible and the Eq. (6) is reduced 
to the well-established equation used at room temperature[81]. At low temper-
ature region, all types of transistors decrease with T-1, which is mainly a result 
of the VT increment. When the temperature > 100
 oC, the intrinsic carrier con-
centration ni in silicon MOSFETs start to influence the device preference so that 
response degradation for silicon MOSFET reduced faster than other type of 
FETs. As temperature increases, the degradation of GaAs HEMTs and InP 
HEMTs speed up as well. It can be seen GaN HEMTs is the best over other 
transistor, even up to 1000 oC. At 1000oC, the intrinsic carrier concentration in 
GaN is only 3.86 ×109 cm-2 and still much lower than the channel concentration 
1×1013 cm-2, which indicates that the intrinsic carrier has little influence on the 
GaN HEMTs. Another important finding is that not only ultra-low intrinsic car-
rier concentration of GaN due to its 3.4 eV wide bandgap, but also its high 
channel carrier concentration 1×1013 cm-2 make GaN HEMTs suitable for high 











































Fig. 3.17 The normalized response degradation (ΔU(T) - ΔU(300K))/ΔU(300K) 
with temperature for GaN HEMTs, GaAs HEMTs, InP HEMTs and Silicon 
MOSFET. 
 
Another advantage of GaN HEMTs is the low subthreshold leakage at high 
temperature[103]. The subthreshold leakage is able to induce shot noise (Nshot= 
(2eIleakge)
 0.5) for the terahertz detector. The wide band gap help to suppress sub-
threshold leakage for GaN terahertz detector. 
3.6.2 Demonstration of high temperature GaN terahertz detector  
The transfer current-voltage characteristics were measured from room tem-
perature to 200 oC and are shown in Fig. 3.18 (a). The fabricated GaN devices 
exhibit good gate modulation and transfer properties. It can be seen that source-
drain current decreases from 31 mA/mm at 30 oC to 17 mA/mm at 200 oC with 
Vg =0V, Vd =1V. This is mainly due to the mobility degradation at high temper-
ature[104]. When the temperature is more than -173 oC, the 2DEG channel 
mobility is predominantly limited by the optical phonon scattering[105]. In ad-
dition, at higher temperature, the transconductance Gm is reduced, the curve of 




is due to the change of the thermal voltage VT (VT = ηkBT/e), which has its rela-
tionship with temperature as shown in Fig. 3.18(b), and the ideal factor  [62]. 
The threshold voltage Vth is -4.5 V at room temperature and is shifted to a more 
negative voltage of -5.5V at 200 oC, which is a typical behaviour for the GaN 
HEMT as reported[106]. 
 














































Fig. 3.18 (a) The transfer characteristics of the GaN HEMT. (b) Temperature 
dependent modified thermal voltage VT obtained from transfer characteristics 
measurements. 
 
The responsivity Rv as a function of the gate voltage (Vg) at different tem-
peratures from room temperature to 200 oC was plotted in Fig 3.19 (a). The 
sigmoid shapes of the responsivity versus gate bias are similar at all measured 
temperatures up to 200 oC.  Rv starts to decrease when Vg>Vth and is close to 
zero when Vg>>Vth. When Vg decreases and enters the depletion regime (Vg = -
3 to -5 V, around Vth), Rv starts to increase and saturates after the 2DEG channel 
is fully depleted (Vg<Vth). As seen from Fig. 3.19 (a), the responsivity decreases 
with the increase of the temperature at all gate biases. The measured maximum 
responsivity at 0.14 THz was around 15 kV/W at room temperature and de-
creased to 2.7 kV/W by 5 times at 200℃ as shown in the Fig 3.19 (b), which 
shows the excellent performance of the GaN HEMT to work as a THz detector 





negatively shifted as the temperature increases. This shift is due to the threshold 
voltage shift of the GaN HEMT, which is a typical behaviour of a GaN 
HEMT[106]. 
Without influence of intrinsic carrier, the term determining the maximum 
THz response for GaN HEMTs mainly include the modified thermal voltage VT. 
As for the form term VT, due to the temperature dependence of η, the relation-
ship between VT and temperature T is not linear. The temperature dependence 
of VT can be seen from the sub-threshold slope of the transfer characteristics of 
the GaN HEMT[107]. By analyzing the experimental transfer characteristics 
(Fig 3.18(a)), the temperature dependence of VT for our investigated transistor 
can be determined and plotted in Fig. 3.18(b). It can be seen that the subthresh-
old slope decreases and the VT increases with increasing temperature. According 
to Eq. (3.10), the detected voltage U is inversely proportional to VT so it will 
become smaller at a higher temperature.   
 












































































Fig. 3.19 (a) Responsivity measured as a function of gate voltage at different 
temperatures for radiation at 0.14THz. (b) Temperature dependent responsivity 
at Vg = -5.5V. 
 
Noise equivalent power is an important figure of merit for a THz detector. 





from the GaN channel. Fig. 3.20 shows the NEP values as a function of gate 
voltage from room temperature to 200 oC. Because of the change of Rds, the 
shape of the NEP versus the gate voltage does not follow that of Rv. Due to the 
sharp rise of the channel resistivity, the NEP curve at Vg<Vth shows a valley as 
indicated in Fig. 3.20(a). The increase of temperature leads to the increase of 
the thermal noise and thus the NEP. A minimal NEP value of 0.58 pW/ Hz0.5 is 
obtained at Vg=- 4.2 V at room temperature and 9.38 pW/Hz
0.5 at Vg= -4.6 V at 
200 oC. Fig. 3.20(b) shows the temperature dependence of NEP at fixed gate 
voltage Vg= -4.4 V. Compared with degradation of the responsivity Rv at high 
temperatures, the physical mechanisms inside the degradation of the NEP in-
clude an extra factor of thermal noise,  which is proportional T0.5. 
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Fig. 3.20 (a) NEP of the GaN HEMT detector as a function of gate voltage at 
different temperatures. (b). NEP of the GaN HEMT detector as a function of 
temperature at gate voltage Vg= -4.4V. 
 
In conclusion, a THz detector working up to 200 oC was successfully 
demonstrated based on a nano-antenna GaN HEMT. A maximum responsivity 
15 kV/W and 2.7 kV/W, a minimum NEP of 0.58 pW/Hz0.5 and 9.38 pW/Hz
0.5 
were achieved at 0.14 THz radiation at room temperature and 200℃, respec-





concentration and low subthreshold leakage was found to be advantages of GaN 
terahertz detector at high temperatures. The excellent performance of the GaN 
THz detector manifests itself as a promising candidate for high temperature THz 
applications. 
 
3.7 Introduction to Resonant Cavity Enhanced Terahertz 
Detector 
With the development of terahertz (THz) technologies, a compact, fast, and 
highly sensitive THz detector is very desirable[1, 80]. The nonlinear properties 
of the plasmonic excitations in a two-dimensional electron gas (2DEG) channel 
of the field-effect transistor (FET) have been used to fabricate the THz detec-
tors, benefitting from the advantages of high sensitivity, fast response, and 
ability to operate at room temperature[54, 108]. The FETs fabricated by differ-
ent material systems including Si[39, 40, 109], InP/InGaAs[79, 86, 110], 
ZnO[111] and GaN/AlGaN[84, 112] have been reported for THz detection. It is 
always desirable to have higher responsivity for THz detectors. One way to im-
prove the responsivity of such a THz detector is to increase the THz wave path 
length by incorporating a multiple pass structure. It is well known that the quan-
tum efficiency of a photo-detector can be enhanced by placing the device inside 
a Fabry-Perot resonant cavity[113, 114], which can also provide good frequency 
selectivity[115] and strong light-matter interaction[116]. In this chapter, we 
propose a structure using a FP resonant cavity to enhance the detection respon-
sivity for a transistor THz detector and have the idea verified using a GaN high 
electron mobility transistor (HEMT) detector. 
A simple model was introduced to analyze the resonant cavity enhanced 




radiation, and if ω0τ<<1 (ω0 is angular frequency of terahertz radiation and τ is 
electron scattering time), the plasma oscillations in the 2-dimensional electron 
gas (2DEG) are overdamped and a DC voltage ΔU is generated across the chan-














  (3.11) 
where V0 is the gate-to channel bias swing defined as V0=Vg-Vth, Vth is the thresh-
old voltage, e is the electron charge, Ua is the amplitude of the radiation induced 
voltage between the gate and the 2DEG channel, η is the ideality factor, kB is 
the Boltzmann constant, and T is the absolute temperature.  







   (3.12) 



















  (3.13) 
The power absorbed by the detector Pc can be approximated as Ua
2/ Rch 
[54]. Rch is the channel resistance of the device. In addition, as the maximum 
value of the term 0 0[1 exp( )]ln[1 exp( )]
eV eV
kT kT 
    in Eq. (3.13) is 1, the max-









   (3.14) 
If the detector is placed in a F-P resonant cavity with cavity length L, as 
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 (3.15) 
where r1 and r2 are the field reflection coefficients of the two cavity facets, φ1 
and φ2 denote phase shifts due to light penetration into the facets, α and d are 
the absorption coefficient and the thickness of the HEMT region for the incident 
terahertz radiation, respectively, and β is the propagation constant. The THz 
radiation is from the substrate side of the device. By combining Eq. (3.14) and 
(3.15) and converting reflectivity r1, r2 to reflectance R1 = r1
2, R2 = r2
2, Rvm can 
be written as: 
 1 2
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 (3.16) 
Since the propagation constant β is frequency dependent (β=2nπf0/c, f0 is 
the frequency and n is the refractive index), Rvm is a periodic function of the 
frequency. This can be easily seen in Fig. 3.21 (b), which illustrates a few ex-
amples of the calculated frequency dependency of Rvm. The three continuous 
curves in Fig. 3.21(b) correspond to the cases of R1 =0.9, 0.3, and 0.05 with 
R2=0.9, αd=0.005, and L=1.07 mm. The cavity length L of 1.07 mm corresponds 
to the resonance frequency of 0.14 THz. The dotted line in Fig. 3.21(b) is the 
maximum Rvm obtained for the THz detector without resonant cavity. The THz 
detector without resonant cavity provides a roughly constant Rvm across a broad 
frequency range, while the Rvm of a THz detector with resonant cavity design 
can be greatly enhanced periodically at a series of resonant frequencies under 
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Fig. 3.21 (a) The schematic figure of the resonant cavity [113]. (b) Calculated 
frequency dependence of Rvm for resonant enhanced THz detector with fixed 
cavity length L=1.07 mm, R2=0.9 and channel resistance Rch=50 kΩ. 
 
3.8 Enhanced Terahertz Response at Room Temperature 
A GaN HEMT was used in this work to verify the idea of a FP cavity. A 
schematic figure was plotted in Fig. 3.22 (a) to show the structure of the GaN 
HEMT THz detector with a FP cavity. The incident terahertz beam is from the 
backside of the device. The backside of device was mounted on a FR-4 PCB 
board. For the THz detection measurement with a FP cavity, an Indium Tin 
oxide (ITO) mirror with a sheet resistance of 10 Ω/□ was fixed at the front side 
of device with an air gap of 1.2 mm from the device surface. A FP cavity was 
then formed with the ITO mirror and the Si substrate/PCB interface as two cav-
ity facets. The silicon substrate has a thickness of 1.15 mm and the F-P cavity 
length is thus 2.35 mm. The device is based on an Al0.25Ga0.75N/GaN hetero-
structure on a high resistivity silicon substrate, with an electron mobility and 
density of ~1500 cm2/Vs and ~1.0×1013 cm-2, respectively. The details of the 
epilayers and the fabrication of the GaN HEMT can be seen elsewhere[117]. An 
optical microscopy image of the top view of the GaN HEMT THz detector is 







Fig. 3.22 (a) The schematic figure of the resonant cavity enhanced transistor 
terahertz detector and (b) the optical microscopy image of the GaN HEMT te-
rahertz detector. 
 
The terahertz source has a frequency of 0.14 THz and an output power of 
0.1 mW, which was measured by a standard pyroelectric power meter. The THz 
radiation was focused onto the surface of the Si substrate with a beam spot size 
of 1.5 mm in diameter by two off-axis parabolic mirrors. The photovoltage ΔU 
generated at the drain-source terminals was read out by an SR830 lock-in am-
plifier. A similar measurement setup was reported by Watanabe et al. [110]. 
Terahertz response measurement was performed under a zero drain-bias condi-
tion. The device active area is 14 × 35 um2 and the total dimension is 324 × 230 
um2. 
The measured responsivity Rv as a function of gate voltage for the GaN 
HEMT with a FP cavity design is plotted in Fig. 3.23 (a). The maximum re-
sponsivity for 0.14 THz irradiation was around 1.3 kV/W at room temperature 
without FP cavity; while it is enhanced by 2.5 times up to 3.3 kV/W with the 
FP -cavity. Similar to reports by Sakowicz et al. and Coquillat et al. [90, 92], 
the terahertz response shows a peak around the threshold voltage Vth~-5.4 V. 








when Vg is just below the threshold voltage, which is larger than the input im-
pedance of the lock-in amplifier (Zin=10 MΩ). Due to the loading effect [90, 
92], the measured voltage ΔU’ by the lock-in amplifier is lower than the output 








  (3.17) 
When the gate voltage becomes more negative, the measured ΔU’ and thereby 
the responsivity become smaller due to the larger Rch, as shown in Fig. 3.23 (a).  
Noise equivalent power (NEP) is an important figure of merit by which to 
evaluate detector performance. The dominant noise source in the GaN terahertz 
detector is the thermal noise from the GaN channel. Therefore, the NEP can be 
estimated by the equation NEP = (4kTRch)
 0.5/Rv. Rch can be determined from the 
static transfer characteristics. The NEP values as a function of gate voltage for 
the device with and without FP cavity are shown in Fig. 3.23 (b). It can be seen 
that the minimum NEP decreased from 10.6 to 4.26 pW/Hz0.5 after placing the 
device into the cavity. Due to the rise of the channel resistivity, more negative 
gate voltage (Vg< -5 V) will enlarge the NEP values.  
 
 
Fig. 3.23 (a) Measured responsivity of the GaN HEMT terahertz detector with 
cavity and without cavity and (b) measured NEP of the GaN HEMTs detector 






In order to understand the responsivity enhancement, we carry out an anal-
ysis on the THz detector with FP cavity. When the detector is placed in an actual 
structure as shown in Fig. 3.22(a), the incident radiation power Pi and the optical 
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where n and η0 are the vacuum impedance of electromagnetic waves and the 
refractive index of the detector material, |Ei| is the electric field strength of the 
incident beam, and |Ec| is the electric field strength seen by the detector. The 
THz radiation is from the substrate side of the device. After combining Eq. 











   (3.19) 
It can be seen that the maximum value of responsivity is proportional to the 
ratio of electric field intensity on the device and incident field intensity |Ec|
2/|Ei|
2. 
The electric field intensity on the detector plays a very important role in the 
detector responsivity. 
Simulation using the finite-difference time-domain (FDTD) method was 
carried out to analyse the electric field distribution in the designed F-P cavity 
(with L=2.35 mm). During the simulation, the different refractive indices for 
different epilayers of the GaN HEMT and the resulted reflections at these inter-
faces between different epilayers were also considered, so as to improve the 
simulation accuracy. To normalize the simulation, the electric field strength of 




terahertz field strength within the HEMT device is shown in Fig. 3.24. Note that 
the spike in Fig. 3.24 is the local terahertz field |Ec| seen by the detector. It can 
be seen that the local terahertz field |Ec| at the 2DEG close to the edge of the 
gate is further enhanced by a factor of 1.55 (field intensity |Ec|
2 about 2.4) by 
the ITO mirror. This field enhancement gives rise to a strong coupling between 
the THz signal and the 2DEG channel, which increases the responsivity based 
on Eq. (3.19). The enhancement factor of 2.4 simulated by FDTD is closer to 
the measured value of ~2.5. One major factor affecting the discrepancy between 
the calculated and measured results is the incident THz wave in the experiment 
is focused light while that in the simulation is plane wave. The local terahertz 
field strength (|Ec|) with the incident terahertz frequency is shown in Fig. 3.24 
(b). Strong resonances at 0.14 THz are identified, and the full width at half-
maximum Δf (FWHM) of this peak is about 8.73 GHz. Therefore, the Q-factor 
of the cavity, Q = f/Δf, is around ~16, which means the THz signal could recycle 
in the cavity many times before dying out.  
 
Fig. 3.24 Normalized electric field strength distribution inside the device by 
FDTD simulation (a) without (b) with a FP cavity. 
 
We should note that such a resonant cavity also provides frequency selec-





used as a high-sensitivity narrow-band detector at a selected frequency. The fre-
quency selectivity of the cavity can be described by the finesse F, which is the 
ratio of the spacing of the cavity modes (free spectral range FSR) to the FWHM. 
Due to multilayer reflection, the cavity supports many modes besides the reso-
nance at 0.14 THz, and the FSR is around 16 GHz. Therefore, the finesse F is 
1.83. It can be improved by increasing the left cavity facet reflectivity and re-
ducing undesired modes in the cavity. 
The responsivity of the transistor THz detector with a FP cavity given by 
Eq. (3.19)is for the normal incident THz beam. The responsivity is dependent 
on the beam incident angle. When the incident angle is shifted from normal, the 
peak value of responsivity will decrease due to the change in the optical path 
length and the corresponding shift from the resonance frequency. The calcula-
tion of the responsivity decrease ΔRv/Rv with incident angle θ can be obtained 
by FDTD simulation with a different incident angle. The numerical results of 
the incident angle dependence of the responsivity are shown in Fig. 3.25 (b). 
The experimental measurement data of the incident angle dependent THz de-
tection responsivity are also shown in Fig. 3.25(b) as a purple dash dot line. It 
can be seen that the measured responsivity decreases as the incident angle in-
creases and follows the trend of the calculation. The normal transistor detector 
without the FP cavity is not sensitive to the incident angle. The difference be-
tween simulation and experiment can be contributed to the inaccurate 






Fig. 3.25 (a) Normalized local electric field strength with incident terahertz fre-
quency and (b) simulated incident angle dependence of the responsivity 
enhancement at the frequency of 0.14THz and experiment result. 
 
In conclusion, a Fabry-Pérot (FP) cavity was introduced to enhance the re-
sponsivity of a transistor terahertz (THz) detector. A theoretical analysis for the 
voltage responsivity of the transistor THz detector with a FP cavity was derived 
and confirmed experimentally using a GaN high electron mobility transistor 
(HEMT) integrated with a FP cavity. The measured detector responsivity shows 
a 2.5 times enhancement compared to the device without the cavity and lower 
noise equivalent power (NEP). The performance of the GaN HEMT THz detec-
tor with a FP cavity, which has a designed quality factor of 16, is dependent on 
the incident angle of the THz radiation. These results show that the FP cavity 
can effectively improve the performance of a transistor THz detector, which is 
able to work as a promising candidate for THz narrowband applications. 
 
3.9 Introduction to Terahertz Imaging  
Terahertz imaging is an emerging imaging technology, which is still in the 
early stage of development. However, this technology has the potentials for 
many applications [13, 22, 118]. A range of terahertz imaging systems have 





pulsed terahertz time-domain measurement [3, 4, 119-123]. The THz imaging 
technology can be applied to various fields such as national defense, homeland 
security, and non-destructive testing (NDT).  
Terahertz imaging has been applied to the non-destructive testing applica-
tions in the pharmaceutical, wood processing, food, construction material, 
agriculture, and automotive industries. Terahertz imaging is ideal for applica-
tions where there are no practical alternatives or where existing NDT 
technology has very high operational costs. Pulsed THz-imaging can measure 
amplitude and phase at the same time and provide depth information about an 
object [124]. The downside of the pulsed THz system is that it employs single-
pixel detectors with mechanical raster scanning. Hence, the image sampling 
time can be pretty long. Ideally, the fast THz imaging of a focal plane array 
would be preferred for various NDT applications. A real-time THz focal plane 
array could provide the best solution for non-destructive testing. 
 
Fig. 3.26 Terahertz imaging applications for non-destructive testing. 
 
The detection of hidden weapons is a critical demand for homeland secu-
rity, and solutions are being sought by several technologies. Millimeter waves 




wave systems suffer from low spatial resolution. Soft X-rays have also been 
considered, but health and safety issues obstruct their acceptance. However, Te-
rahertz imaging is suitable for screening applications as it offer a better higher 
spatial resolution while has the ability to see through clothing. Moreover, THz 
imaging systems are small and portable. In terms of health issue for human 
body, THz photons have a much lower energy than X-ray photons and it is non-
ionized radiation. 
Most terahertz imaging systems are limited by either low speed or the low 
sensitivity of the detector. The plasmonic transistor detectors have the potential 
for both high-sensitivity and high-speed detection at room temperature [40, 
126]. On the other hand, focal plane arrays of plasmonic detectors may lead to 
high-speed THz cameras [127, 128]. Here, we demonstrate THz imaging using 
a single-pixel GaN HEMT detector by raster scanning.  
3.10 Single-Pixel Terahertz Transmission Imaging 
The transmission imaging setup for the raster scanning is presented in Fig. 
3.27. The IMPATT diode is used to generate a terahertz wave at 140 GHz. The 
carrier wave is amplitude modulated electrically with a 1.11 kHz square-wave 
signal. The output signal is radiated by a high gain horn antenna and subse-
quently collimated by a THz plano-convex lens with a 100 mm focal length. 
The collimated beam was refocused by another THz plano-convex lens to the 
imaging object. The imaging objects are placed at the focal point of the beam. 
The terahertz wave penetrates through the objects, and then it is collimated and 
focused by the second lens system onto the single-pixel GaN HEMT detector. 
The objects are hidden in a postal envelope and are raster scanned through 




per step. A lock-in amplifier, which is synchronized to the 1.11 kHz reference 
signal, is used to read out the output signal of the single-pixel GaN HEMT de-
tector. The lock-in amplifiers provide bandpass filtering and significantly 
reduce the detection noise. The readout data is transferred to a personal com-
puter with a data acquisition system by an IEEE-488 GPIB interface. The data 
acquisition system is programmed by Python language to actuate the two-axis 
motorized stage and to achieve data synchronization. Data points are collected 
100 times and an averaging filter is applied to each data point in order to reduce 




Fig. 3.27 Setup for the transmission mode THz imaging of postal envelopes 
using the single-pixel GaN HEMT detector. 
 
As shown in Fig. 3.28, the transmission THz image is compared with a 




copper stripe due to the contrast between copper and paper. A NUS logo is also 
clearly imaged.  
 
 
Fig. 3.28 The terahertz image of the copper stripe pattern. The photos in the left 
column are visible optical images while those in the right column are terahertz 
images. 
 
Another THz imaging experiment was carried out to see through an enve-
lope with different objects concealed inside. The imaging results are shown in 
Fig. 3.29 (a) and (b). As shown in the figure, the hidden pair of scissors and the 
knife in the envelope was observed with good contrast. The shape of the scissors 
and the knife can be clearly recognized. The water wave interference pattern 
(moiré pattern) in the background of the image is caused by a Fabry–Pérot cav-
ity formed within the envelope, and it is not caused by the GaN HEMTs detector. 
 
























Fig. 3.29 The terahertz images of hidden objects in a postal envelope: (a) a pair 
of scissors and (b) a fruit knife.  
 
In order to estimate the spatial resolution of the terahertz imaging system, 
an indium tin oxide (ITO) coated polyethylene terephthalate (PET) is machined 
with different drilled holes (ranging in diameter from 5mm to 1 mm) as shown 
in Fig. 3.30. Indium tin oxide is very conductive in the terahertz range and com-
pletely opaque to terahertz wave. The terahertz image of the ITO coated PET is 
shown in Fig. 3.30. The drill hole with a 3 mm diameter was resolved and drill 
holes smaller than 3 mm cannot be observed, which indicate that the spatial 









Fig. 3.30 (a) visible optical image of an ITO coated PET film with drilled holes. 
(b) Terahertz transmission image of an ITO coated PET film with drilled holes.  
3.11 Terahertz Focal Plane Array 
The demonstrated THz imaging based on single-pixel self-mixing detector 
is limited by its slow imaging speed. The response speed of a transistor THz 
detector is able to achieve 100 kHz as discussed before. However, the imaging 
speed is limited by the slow raster scanning process. It is desirable to build a 
detector array to achieve high-speed terahertz imaging and pave the way to te-
rahertz cameras.  
Here, we describe a focal plane array (FPA) based on GaN HEMTs te-
rahertz detectors. Each of these FPAs has an area of 6×6 mm2, which contains 
an 11×12 detector array with a horizontal and vertical pixel pitch of 350 μm. 
One bond pad is the common ground for all the detectors. Therefore, the total 
number of physical pixels is 132. A SEM image of the full FPA chip is shown 







Fig. 3.31 SEM image of 11×12 terahertz focal plane array. 
 
For each pixel, pixel addressing is achieved by switching rows and col-
umns. The rows (labeled D1–D11) selectively connect the output signal to 
readout circuit. The columns (labeled G1–G12) apply the gate bias (Vg) to the 
selected column of devices. In this way, the 11 detector row lines are selected 
one by one while the gate bias is applied to each column from G1 to G12. Thus, 
each pixel is addressed and read out. A low noise amplifier is not included on-
chip, but it is integrated on the PCB board. This approach provides flexibility 
for read-out optimization and maintains the option to operate the array for inco-
herent detection or coherent detection (heterodyne detection).  
Fig. 3.32 (a) plots the block diagram of the control circuit used for the FPA 
signal read-out. Analog multiplexing will provide an unacceptable noise to the 
weak detector signals and generate crosstalk between digital and analog signals. 
Therefore, the DC signals at the output of each pixel are amplified by the low-




(TLC2652) is designed to be 100, and a 3-dB roll-off frequency is 1.9 MHz. 
TLC2652 is a high-precision chopper-stabilized operational amplifier with an 
ultralow low offset voltage and it is suitable for weak signal detection applica-
tion. The row selector is driven by a digital signal multiplexer, switching 
individual lines to lock-in amplifier. The column selector is used to switch an 
individual line to the gate bias. The analog-to-digital conversion of the readout 
signal is performed by the microcontroller. The signal from each pixel is aver-
aged by the microcontroller and then sent to a personal computer via USB cable 
for data acquisition, data processing, and data visualization.  
 
Fig. 3.32 (a) Block diagram of the microprocessor-controlled 11×12 FPA read-
out circuit and (b) photograph of the assembled FPA with read-out circuit.  
 
To sum up, in this section, we have demonstrated terahertz transmission imag-
ing using single-pixel GaN HEMT detectors by raster scanning and an 11×12 
focal plane detector array. A hidden pair of scissors and a knife in an envelope 
is observed by THz imaging. The spatial resolution of the terahertz imaging is 
3 mm. A focal plane array of the GaN HEMTs detector is fabricated and its read 







4. Chapter 4 Plasmonic waveguide based on 
graphene nano ribbon 
 
Graphene nano-ribbon waveguides with ultra-high effective refractive index 
(~50) are a promising candidate for nanoscale photonic applications. Graphene 
edge plasmons are the fundamental and lowest losses mode. Through finite el-
ement method, edge plasmons show large effective refractive index and strong 
field confinement on nanoscale ribbons. The edge plasmons follow a k1/2 disper-
sion relation. The wavelengths of the edge plasmons and center plasmons differ 
by a fixed factor. The width of edge plasmon is inversely proportional to wave 
vector of edge plasmon kedge. Edge defects associate with graphene nano-ribbon 
induce extra losses and reduce the propagation length. Cut-off width of edge 
plasmons reduces with increasing frequency. Cut-off width of center plasmon 
is enlarged by edge component but the enlargement effect diminishing with the 
increase of kedge. The results are important for the application of graphene plas-
mon towards ultra-compact photonic devices. 
4.1 Introduction to graphene plasmonics 
The emergence of plasmonics enables ultra-compact components for real-
izing nanoscale photonic devices to surpass the diffraction limit[129]. Noble 
metals such as gold and silver are widely used as suitable platforms for plas-
monic application in the visible and near IR range. They supports surface 
plasmons originating from the oscillation of the free electrons in the metal. 
However, metal plasmons are so lossy that obstruct its further development. To 




plasmonic like behavior by structuring the metal films because metals are al-
most perfect conductor at far IR and THz range. Unfortunately, it is not possible 
to tune the plasmonic response of metals with an external field. 
Graphene as a 2D materials has been proposed as an ideal metamaterials to 
support surface plasmons at THz and infrared frequencies [132-135]. Graphene 
plasmons can be tuned by electrical, optical and magnetic method, which pro-
vides great potential for new applications[136]. Graphene plasmons have high 
effective refractive index, which leads to ultra-short wavelength, a tightly con-
fined field and a correspondingly record-small mode area[133]. At infrared 
wavelengths, graphene plasmons wavelengths as short as 200 nm have been 
observed experimentally [56, 57].  
Graphene plasmons can be classified into two groups – center plasmons 
and edge plasmons. Center plasmons with field concentrated within the center 
area are the waveguide plasmonic mode of a graphene sheet infinite in ex-
tent[137]. New exciting nanoscale photonic devices were proposed based on 
Graphene sheets such as tunable plasmonic couplers[134], resonators[138], 
modulators[139] and interconnect network[140]. When the graphene sheet is 
patterned into graphene nano-ribbons, edge plasmons appear. Edge plasmons, 
where the energy is localized on the edge, are the fundamental and lowest loss 
plasmon mode in graphene nano-ribbons [141]. Edge plasmons were first ob-
served experimentally by a scattering type SNOM in a tapered graphene nano-
ribbon on the Al2O3 substrates[142]. Due to their ultra-short wavelength and 
low loss, edge plasmons are regarded as the best candidate for the graphene 
plasmonic applications. However, there are still few papers discussing edge 




In this work, edge plasmons on the different widths of graphene nano-rib-
bon are investigated. In addition, we report the dispersion relation, edge defects 
effect, and cut-off behavior of the edge plasmons on graphene nano-ribbons. 
The modification on center plasmon cut-off behavior by edge plasmons width 
is studied in details. These prospects are important for the graphene plasmon 
based device design and applications. 
 
4.2 Edge plasmons and cut-off behavior 
The goal of this section is to describe the modelling of graphene parameters. 
For terahertz and far-infrared wavelength, the graphene intraband conductivity 
term usually dominates over the interband term. So, we can neglect the inter-
band conductivity and approximate the intraband conductivity with high doping 
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where i is the imaginary unit, e is the charge of electron, EF is the Fermi 
level,  ħ is the reduced Plank’s constant, ω is the angular frequency, τ is electron 
scattering time and taken to be 0.5 ps. For graphene, the intrinsic scattering by 
the acoustic phonon of graphene is extraordinarily weak, and limits the room 
temperature mobility to 2×105 cm2/Vs [144]. The dominant scattering mecha-
nisms are substrate optical phonons [144] and defects in graphene[145]. By 
proper substrate engineering,   τ = 0.5 ps is able to achieve [145]. Considering 




graphene[146] and graphene on boron nitride[147].The choice of τ = 0.5 ps is 
rather conservative to feature the actual loss of graphene. 
There are two type of approaches to model the graphene. The graphene can 
be modelled as a surface boundary condition (2D approach), which has no phys-
ical thickness[148]. But the full wave 3D approach is also valid by treating the 
graphene as 1 nm or 0.335 nm thickness volume material according to the ref-
erence [134, 149]. Here the 3D approach was adopted. The surface conductivity 
was converted to a bulk conductivity value that can be used in the simulation 
program. The graphene layer has a very small thickness ∆ compared to inferred 
wavelength. The permittivity of graphene can be modelled as ε ∥  =εr + 
(iσg)/( ωε0∆) for In-plane component and ε⊥  for out-plane component, where 
εr=2.5. Note that ε∥ has a thickness dependent parameter. Therefore the choice 
of Graphene thickness will have a huge influence on the simulation result. In 
the simulation, ∆ is not the real thickness of the Graphene ribbon which is 
around 0.34 nm. In order to save time and computer memory, ∆ is set to be 1 
nm and the deviation from the analytical value for center plasmons neff [137] is 
less than 0.5%. After different parameters of graphene established, the simula-
tion was carried by COMSOL multiphysics for both modal analysis and 
frequency domain analysis. We assume graphene nano-ribbon has a zigzag edge 
structures and are always metallic, independent on their width. 
 
4.2.1 Edge Plasmon Properties 
 
Consider a graphene ribbon (σg) with width W placed on the surface of sub-




electrical field profile concentrated on the edge of the graphene nano-ribbon. 
The edge plasmons (wave vector kedge) are propagating along the z-direction. 
Edge plasmons can be divided into symmetric edge plasmon and asymmetric 
edge plasmon as shown in the Fig. 4.1 (a) & (b), depending on whether the 
maximum of the electrical field at the edges are symmetric or asymmetric along 
the center line of the ribbon. 
 
 
Fig. 4.1 Two types of edge plasmons supported by a Graphene nanoribbon. (a)  
Symmetric edge plasmon. (b)  Asymmetric edge plasmon. W is width of the 
nano-ribbon. The color plot presents an example of the Ez spatial distribution. 
 
To determine the width of edge plasmon, we first consider the general dis-




2. In the infinite extended graphene 




2, which leads to ky
2 = k0
2 - kedge
2. For the case where edge plasmons 
propagate in the z-direction, the plasmon cut-off happens when kz = 0. The 
asymmetric edge plasmon has an asymmetric profile across the nano-ribbon, 
which can be approximated as two edge plasmons occupy the nano-ribbon, 











   (4.2) 
Eq. (4.2) shows that the electric field associated with the edge plasmons 
penetrates a distance of the order of kedge





can help us to gain insights of the edge plasmons. The width of edge plasmon a 
is correlated to λ0/4neff, which implies shorter free space wavelength and higher 
refractive index lead to stronger edge plasmon localization.  
When the nano-ribbon width is very large compared to a, the edge plasmon 
is localized at either right or left edge and does not significantly affect the edge 
plasmon on the other edge. As shown in Fig. 4.2(a), effective refractive index 
of edge plasmon is almost constant when graphene nano-ribbon is wider than 
1000nm.As the graphene ribbon width shrinks, left edge plasmon and right edge 
plasmon start to couple and originate symmetric edge plasmon and asymmetric 
edge plasmon at both left and right edge of the graphene ribbon [21]. The Ey 
component of the symmetric edge plasmons is symmetric about the y-axis, 
while Ey component of asymmetric edge plasmons is asymmetric about the y-
axis as shown in Fig. 4.2(b). Symmetric edge plasmons have an increasing ef-
fective refractive index neff
SEP with the shrinking graphene nano-ribbon width 
and have a single mode region (purple region in Fig. 4.2), which mean it is the 
most fundamental mode and it does not have cut-off behavior[141].The effec-
tive refractive index neff
ASEP in asymmetric edge plasmons decreases and will be 
cut-off at certain value of the nano-ribbon width. In addition, with different or-
der of harmonics supported in the graphene nano-ribbon, the center plasmons 
(labeled as TM0, TM1 ,TM2 …TM5) have a cut-off behavior as shown in Fig. 
4.2. 
The effective index neff
SEP mapping of symmetric edge plasmons with dif-
ferent graphene nano-ribbon width and frequency in the single mode region is 
shown in the Fig. 4.3 (a). Edge plasmons on nanoscale ribbons show large ef-
fective refractive index neff




Notice that effective index increases with increasing frequency and reducing 
graphene nano-ribbon width, which implies edge plasmons have a shorter wave-
length and more tightly confinement. Short wavelength and highly confined 
plasmons are preferred for nano-scale application, however, the propagation 
loss is also accompanied with a tight confinement. To evaluate pros and cons, 
the figure of merit (FOM) of graphene nano-ribbon is defined as 
Re(neff
SEP)/Im(neff
SEP), which suggest the number of wavelength within the prop-
agation length. FOM increases with increasing frequency and shrinking 
graphene nano-ribbon width as shown in the Fig. 4.3(b). It turns out that edge 
plasmons have a larger FOM at frequency 40-50 THz with nano-ribbon wave-
guide < 100nm. The mode area ASEP of symmetric edge plasmons can be 
approximated as λ02/16neff2. For W=20nm free standing nano-ribbons, the mode 
area is calculated to be 4×10-4 λ02. By placing the 20 nm nano-ribbons on silicon 
substrate, the mode area can be further reduced to 1.44×10-6λ02, which is much 
smaller than its metal plasmons counterpart. 
We would like to highlight that there is a constant ratio (or gap) between 
the effective refractive index in edge plasmon and in the first order center plas-
mon when nano-ribbon width is large. This gap means edge plasmon always 
has smaller wavelength and higher momentum compared to center plasmon. To 
understand origin of this constant ratio gap, we need to investigate the edge 
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Fig. 4.2 (a) The dependence of the graphene plasmon effective refractive index 
on the width of a freestanding graphene ribbon (EF = 0.64 eV) at 30 THz. Center 
plasmon is labeled from TM0 to TM5 based on different order of mode. Inset 
figure: Dispersion relation for edge plasmon and center plasmon supported by 
a 5 μm freestanding graphene ribbon. FEM simulated edge plasmon data point 
is shown as round blue dot and center plasmon data point is plotted as red trian-
gle dot. Cyan solid curve is the result from this work. Center plasmon 
theory[134] is plotted by orange solid curve. (b) Ex and Ey distribution of a free-
standing graphene ribbon for symmetric and asymmetric edge plasmons (W = 
500 nm) and center plasmons (W = 1000 nm) at 30 THz. 
 
Edge plasmon dispersion relation depends on the charge density profile of 
two-dimensional electron-gas in graphene and the dielectric environment of the 
edge. For graphene nano-ribbon, we combine equation in Ref.[150] 
ωedge=0.79ωcenter (kedgea) 1/4 with our new result Eq. (4.2) for width of edge plas-
mon a = (π/2kedge), where ωcenter is the dispersion relation of center 











   (4.3) 
Where εeff = (ε1+ε2)/2 is the effective media dielectric constant, ε0 is the vacuum 

















































































Fig. 4.3 Mapping of (a) Effective refractive index Re(neff
SEP) and (b) Figure of 
merit (FOM) in the single mode region for edge plasmons on free standing gra-
phene nano-ribbons (EF = 0.64 eV). 
 
Eq. (4.3) shows the edge plasmons have a k 1/2 dependence dispersion rela-
tion. This is a perfect fit to the FEM simulated edge plasmon data point (blue 
round dot in Fig. 4.2 inset). The center plasmons are plotted in orange solid 
curve, which is consistent with the dispersion relation of center plasmons[137]. 
We would like to notice there is a gap in wave vector between the edge plasmon 
and the center plasmons.  The gap hold a constant ratio (kedge/kcenter = 1.26 ± 
0.02) over the entire frequency range. The wavelengths of the edge plasmons 
(λedge) and center plasmons (λcenter) differ by a universal coefficient λedge= (0.79 
± 0.02) λcenter, which is consistent with experimental observation of the ratios 
λedge/λcenter =0.81[142]. The smaller wavelength of edge plasmons compared to 
the center plasmons originate from the effective reduction of the Drude weight 
at graphene ribbon edges, where the 2DEG is confined by ribbon physical 
boundary. Beyond the edges, the electric field of edge plasmons decay expo-
nentially. The ratio constant is very important in our further discussion which 
can be used to predict the cut-off behavior of the asymmetric edge plasmon and 
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Fig. 4.4 The effects of edge defects in the freestanding graphene nano-ribbon 
(W=200nm) on effective refractive index neff
SEP and propagation length of sym-
metric edge plasmons (EF = 0.64 eV). 
 
Current Graphene nano-ribbon fabricated by lithography or chemical 
growth inevitably have edge defects. The edge defects play a crucial role in the 
transport properties and induce conductance suppression in graphene nano-rib-
bon[151]. The effects of edge defects on symmetric edge plasmons (W=200nm) 
are investigated due to its potential applications in the future nano-photonics 
and shown in the Fig. 4.4. The edge defects induced by plasma etching process 
are modeled as a ten nanometer region with a linear conductivity profile.  Notice 
that the edge plasmons with edge defects have higher Re(neff
SEP) and shorter 
propagation length (1/Im(neff
SEP)k0) compared to perfect edge. The losses caused 
by the edge defects increase with increasing frequency, which implies high fre-
quency symmetric edge plasmons are sensitive to the edge defects.  
 





Let us revisit the cut-off behavior of the edge plasmon. A model to describe 
the cut-off width for the Graphene nanoribbon waveguide is necessary for the 
design of future photonic applications. Due to asymmetric coupling of two edge 
plasmon, the refractive index of asymmetric edge plasmon decreases with gra-
phene nanoribbon shrinking and will be cut-off at a width equals twice of the 













     (4.4) 
Where η0 is the free space impedance (377 Ω) and k0 = 2π/λ is the free space 
wave vector. 
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Fig. 4.5 Asymmetric edge plasmon cut-off width of a freestanding graphene 
ribbon (EF = 0.64 eV) fitting with data point and Eq. (4.4). Inset figure: effective 
mode index neff
ASEP mapping with frequency and graphene width. The data point 
is taken from the cyan line between cut-off region and transition region. 
 
The error produced by all approximations in the derivation is within 3 nm 
for the cut-off width. The effective refractive index of asymmetric edge plas-
mons neff




for frequencies from 15 THz to 45 THz. There are three clear regions for the 
asymmetric edge mode: cut-off region (blue color), transition region (green 
color) and stable region (red color). In the cut-off region, the asymmetric edge 
plasmon is cutoff and cannot exist in the graphene nano-ribbon waveguide. The 
line between cut-off region and transition region is the cut off curve. The data 
points shown in the Fig. 4.5 are obtained at this curve and are used to examine 
our theory for the asymmetric edge mode cut-off width. Our theory for cut-off 
width agrees with the FEM simulated data points very well. As the frequency 
goes up, the graphene conductivity decrease and leads to smaller cut-off width 
as predicted in the Eq. (4.4). 
 
4.2.3 Center Plasmon Cut-off Behavior 
 
Moreover, the center plasmon is hugely modified by the edge component. 
The effective index of the center plasmon in graphene nano-ribbon with differ-
ent widths at 30 THz is shown in Fig. 2. The top views of the TM0 modes 
showing the Ez field variation along the z direction are shown in Fig.6 (inset). 
The Ez profile in Fig. 4.6 includes the combination of the center plasmon and 
edge component. The center plasmon is no longer a pure TM mode but is hy-
bridized with edge plasmon. The edge component will modify the cut-off 








































Fig. 4.6 Cut-off width of center plasmon of a freestanding graphene ribbon (EF 
= 0.64 eV) at different frequency. Inset figure: Center plasmon propagating with 
Ez profile. The center plasmon is associated with two edge plasmon width. 
 
The cut-off behavior can be described by waveguide analysis with consid-
ering the edge plasmons modification. In the nano-ribbon, the effective width 
to support the center mode is smaller than the physical width due to the presence 
of edge plasmon width a (Fig. 4.6). As the nano-ribbon width shrinks, the center 
plasmon area become smaller. The edge plasmon width of different order of 
center mode near the cutoff maintain the same.  In this case, the cut-off width 















      (4.5) 
The equation agrees with FEM simulated data points very well as shown in 
the Fig 6. This figure also studies the cut-off width at various frequency. In 
contrast with normal waveguides, the cut-off width curves are not parallel to 
each other but the distance between two curves decreases as the frequency in-
creases (Fig. 4.6). This behavior can be explained by the shrinking of edge 




have a larger influence at low frequency and the influence fade away as fre-
quency goes up.  
It should be highlighted that Wedge, cut-off and Wcenter, cut-off are proportional to 
the graphene conductivity σg and inversely proportional to εeff.  σg can be tuned 
by electrical gating, optical gating and magnetic field, which provides effective 
tools to control the cut-off width of graphene plasmon in many applications such 
plasmonic switch and interconnect system. σg and εeff are two passively tunable 
parameters which means other effects like temperature and surrounding will 
have significant impact on the waveguide. Typically, graphene conductivity has 
a dependence on temperature. As the temperature increases, electron mobility 
will decrease and σg will goes down. A smaller σg leads to smaller cut-off width. 
By placing the graphene nano-ribbon on a silicon substrate (εeff =6.28), the cut-
off width can further decrease by 6.28 times compared to suspended graphene 
nano-ribbon.  By precisely designing SiO2 thickness between graphene and sil-
icon substrate, accurate   εeff can be achieved and the cut-off width is able to be 
finely controlled. Graphene plasmon loss and cut-off width also can be managed 
by the combination of graphene nano-ribbon and other 2D materials like h-BN 
to achieve diverse control for graphene plasmon. 
It is worthwhile to note that edge plasmon not only exist in graphene nano-
ribbon but also in other 2D materials systems like h-BN and MoS2. The method 
and equation proposed in this paper can be extended to other 2D materials by 
adjusting material parameters. 
To conclude, the properties of edge plasmons on graphene nano-ribbon 
waveguides were investigated. Edge plasmons on the different widths of gra-




plasmons follow a k 1/2 dispersion relation and differ with center plasmon by a 
constant factor. The effects of edge defects on symmetric edge plasmons leads 
to shorter wavelength and higher loss. Moreover, the cut-off behavior of center 
plasmon and asymmetric edge plasmon is modelled and tested. The edge plas-
mons on the graphene nano-ribbon could be used for the development of ultra-







5. Chapter 5 Plasmonic modulator based on an 
array of graphene disks 
 
Graphene has emerged as an outstanding material for terahertz (THz) plasmonic 
applications due to its remarkably strong response and unique tenability at room 
temperature. In this work, we demonstrate an approach to realize optical control 
of the THz plasmonic response by using an array of graphene disks on a silicon 
substrate. Under optical illumination, the photo-generated carriers in the silicon 
substrate are transferred to the graphene which change its Fermi level, and af-
fecting the plasmonic THz-excited resonance frequency and strength. The 
transmission loss of the THz wave is reduced from 16.2% to 4.4%, with a cor-
responding shift of the absorption peak increased from 3.04 THz to 2.25 THz 
when the light flux (at 532 nm) is increased from 0 to 18 mW/cm2. This change 
in THz transmission through the graphene disks referred as optical gating. The 
size of the graphene disks has also been found to affect the magnitude of the 
transmission loss and the shift in absorption peak of the THz. 
5.1 Introduction to optical gating for graphene 
Graphene, consisting of a single layer of carbon atoms in a honeycomb lat-
tice, has been recognized as a promising two-dimensional candidate for a wide 
range of applications such as transistors[152], photo detectors[153], and logic 
gates for quantum computation[154, 155]. Graphene has also been proposed as 
an ideal platform to support surface plasmons and work as detectors in the te-
rahertz (THz) and infrared (IR) frequencies [133-135, 156-160]. 
Graphene plasmons feature technologically significant attributes such as 




terahertz excitations through plasmonic resonance in graphene can be achieved 
by engineering the graphene sheet into specifically shaped structures such as a 
ribbon[161], ring[162], or disk[163] with dimensions much smaller than the 
wavelength of light. The tuning of the plasmon excitations in the graphene struc-
tures through electrical gating effect [161, 162, 164] has been reported. This 
effect can be used for optical control of THz signals, such as in the case of future 
THz ultra-wideband (UWB) wireless communication system. In this paper, we 
report the direct optical tuning of the THz plasmonic response in an array of 
graphene disks array via adjusting the graphene doping level by the photo-car-
rier generation in the adjacent silicon layer. 
The THz plasmonic response of a graphene sample can be tuned by adjust-
ing its Fermi level. However, it is difficult to significantly change the Fermi 
level in graphene sheet by illuminating a suspended graphene layer due to the 
relatively low optical absorption of a single layer of graphene and the Pauli 
blocking effect[165]. To realize effective optical control of the graphene Fermi-
level, one promising way is to place the graphene onto a semiconductor sub-
strate and to utilize the photo-generated carriers in the semiconductor layer to 
change its carrier concentration[166].  
When a graphene layer is attached onto a semiconductor substrate for ex-
ample Si, the Fermi levels in equilibrium in the semiconductor and graphene 
are aligned and  a built-in Schottky electrical field is formed  at the inter-
face[167], as shown in Fig. 5.1(a). When such a graphene/semiconductor 
system is illuminated by light with photon energy larger than the semiconductor 
bandgap, electrons and holes are generated driven towards different directions 




graphene will change its Fermi level. Carrier doping in the graphene by such 
optical gating is very effective, due to the monolayer thickness of graphene and 
its low density of states close to the Dirac point[168].  










































Fig. 5.1 (a) Schematic to illustrate the optical gating mechanism for a graph-
eme/Si system. EF (Si), EF (G) and EF (G)’ are the Fermi level of Si, that of 
graphene without illumination, and that of grapheme with illumination, sepa-
rately. EC and EV are the conduction band and valence band energies of silicon. 
Photo-excited electrons are driven into graphene by the built-in electrical field 
and changes its Fermi level from EF (G) to EF (G)’. (b) Current-voltage (I-V) 
characteristics for a graphene/silicon structure at various temperatures ranging 
from 300K to 360K. Inset: the experimental Richardson plot (ln(Is(T)/T2) vs. 
1000/T) to extract  the Schottky barrier height (ΦB). 
 
The Fermi level tuning of graphene by optical illumination of the semicon-
ductor substrate was investigated. A single layer of large-area graphene grown 
by chemical vapor deposition (CVD) was transferred onto a high-resistivity 
float zone (HRFZ) silicon substrate (P-type, resistivity ρ> 18 kΩ·cm). The pris-
tine graphene is p-type doped  with a 2DEG carrier concentration obtained from 
Hall measurement of  around 1.05×1013/cm2   and a hole mobility μh of 1430 









Where ħ is the reduced Plank constant, vF = 106 m/s is the Fermi velocity 
and n is the carrier density. 
The Schottky barrier height ΦB between the graphene and Silicon based on 
the thermionic-emission model [167] was extracted from temperature-depend-
ent I-V measurements carried out by varying the temperature from 300K to 
360K . Fig. 5.1(b) shows the I-V characteristics of the graphene/Silicon junction 
at various temperatures. The measurement schematic of the graphene sheet on 
silicon is shown in the inset figure of Fig. 5.2(b). A Schottky barrier height of 
0.62 eV was extracted from the slope of the Richardson plot ln(Is(T)/T
2) vs. 
1000/T (see inset of Fig. 1(b), where Is is  the reverse saturation current, and T 
is the absolute temperature). The value of 0.62 eV is similar to the reported 
results[170].  
The resistance of the graphene on silicon was measured under illumination 
with different photon energies of 3.06 eV, 2.33 eV, 1.87 eV and 1 eV and the 
results are shown in Fig. 5.2(a).  Sharp resistance changes were observed in the 
response to the onset of a pulse when the photon energies are larger than the Si 
bandgap (>1.12 eV), while the resistance varies little when the 1 eV beam was 
used. To decouple the conduction through the graphene from the conduction 
through the Si substrate, a measurement between two contacts on silicon sub-
strate without graphene is preformed and it does not show such resistance 
change. This confirms the photo-generation of the carriers and transfer from 











































 Graphene on Si






























Fig. 5.2 (a) Photon energy-dependent resistance change of graphene on silicon 
and SiO2; (b) Light flux-dependent resistance of graphene on silicon. Inset fig-
ure: A schematic illustrates the measurement of resistance in the graphene 
ribbon. 
 
Surface carrier concentrations (electrons or holes) in graphene as a function 
of the optical illumination can be approximated by [168, 171] : 
 2 2
0 · · / )( CNP lifen n I I EQE h      (5.2) 
Where n0 is the minimum carrier concentration as determined by disorder 
and thermal excitation [172, 173]. I is the light flux, ICNP is the light flux re-
quired for the Fermi level to reach the Dirac point, τlife is carrier life time, h is 
the Planck’s constant, v is the frequency of the phonon, EQE=(ΔIsc·hν)/(ΔI·e·S) 
is the external quantum efficiency[174], S is the graphene area. Isc is the short 
circuit current. The short-circuit current of graphene/silicon junction was meas-
ured at the excitation wavelength 532 nm (2.33 eV). The external quantum 
efficiency (EQE) of graphene/silicon can be calculated to be 0.114%. The EQE 
is limited by the high junction resistance and carrier recombination during the 
carrier transfer process. The ICNP is measured to be 24 mW/cm
2.  
If we have a graphene ribbon with width W and carrier drift velocity vdrift 
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where vsat is the saturation velocity of the carriers in graphene sheet, which 
is taken as 5.5×107 cm/s at low densities[171]. µ is the mobility for hole or 
electron and E is the electric field between the contacts along the graphene chan-
nel. The graphene sample under test here has a width W=0.5mm and length L=1 
mm. By fitting the resistance data points, the minimum carrier concentration n0 
was estimated to be ~5×1012/cm2, which is higher than normal reported 
value[171] due to high temperature induced by the laser hot spot on the gra-
phene ribbon. 
The light flux-dependent resistance using a 532 nm (2.33eV) laser is plotted 
in Fig. 5.2(b). With the increase of the light flux, the resistance first increases 
then decreases after a certain point. The first increase in the resistance is because 
the photo-generate electrons accumulated at the graphene surface compensate 
the holes in the p-type graphene.  After the charge neutral point, the resistance 
begins to decrease due to the doping-type transition from p to n. As the light 
flux further increases, the separated electrons and holes obviously weaken the 
built-in field, which causes less electrons to be driven into the graphene and 
slows down the decrease of the resistance. These observations are similar to 
those reported[168]. 
 
5.2 Optical tuning of plasmonic response  
To realize the control of the THz response in the graphene by optical illu-




as shown in Fig. 5.3 (a). THz radiation cannot be coupled to the plasmon exci-
tations in a homogeneous graphene sheet, but can readily excite plasmon 
resonances in engineered graphene structures with dimensions much smaller 
than the radiation  wavelength[163] . After CVD growth and transferring onto 
a HRFZ silicon substrate, the large-area graphene was patterned into disks using 
photolithography and oxygen plasma etching.  The THz response was studied 
using a Bruker v-80 Fourier-transform infrared spectrometer (FTIR). 
Fig. 5.3(b) shows a scanning electron microscopy (SEM) image of the gra-
phene disk arrays with different diameters of 4.5 μm, 6.0 μm and 7.5 μm and 3 
μm spacing on silicon substrates. The graphene disk arrays were characterized 
by Raman spectrum analyzer with laser wavelength of 532 nm and the results 
are shown in Fig. 5.3 (b).  The strong G peak indicates the good quality of  gra-
phene, and the large 2D to G peak ratio confirms the monolayer nature of the 
CVD-grown graphene [174]. The Raman measurements show that the edges of 
the graphene disks have edge defects and dangling bonds, which is consistent 
with the other Raman studies on graphene nanoribbon[175]. 
 
  
Fig. 5.3 (a) Scheme of the measurement configuration. Graphene disk arrays 
were patterned with photolithography. The 532nm continuous wave laser beam 





45°. (b) The SEM image of fabricated Graphene disk arrays with disk diameters 
of 4.5 µm, 6.0 µm and 7.5 µm and typical Raman spectrum of the graphene disk 
arrays on silicon. 
 
The plasma excitations in a graphene micro-ribbon array can be controlled 
by engineering the disk diameters[163]. Fig. 5.4(a) shows the extinction spectra 
1- T/T0 for three micro-disk arrays with 4.5, 6.0 and 7.5 μm diameters without 
light illumination, where T is the transmission with graphene and T0 is the trans-
mission without graphene disks. All spectra were measured at the same hole-
doping concentration of 1.05× 1013 cm-2 (EF ~ -0.38 eV through Eqn. (1)). The 
plasmon resonance clearly shifts to higher frequencies with decreasing the disk 
diameters: resonance frequencies are 2.48, 2.70 and 3.04 THz for the arrays of 
disks with 7.5, 6.0 and 4.5 μm diameters, respectively. Using arrays of disks 
with larger range of diameters, terahertz resonances from 1-10 THz can be ex-
pected.  
The wave vector k of a plasmon localized in graphene disks is simply given 











   (5.4) 
Where εeff = (ε1+ε2)/2 is the effective media dielectric constant, ε1 is the die-
lectric constant above graphene and ε2 is the dielectric constant below graphene. 
ε0 is the vacuum permittivity, d is the disk diameter, ħ is the reduced Planck’s 
constant,  A is a fitting parameter and ideally equal to one.  
Fig. 5.4(b) shows the measured extinction 1- T/T0 and the extracted plas-
mon resonance frequencies (red square dot) as a function of the graphene disk 
diameter d.  The fitting curve using Eqn. (4) (red dashed line) is also included 




may originate from the electrically inactive edge  defects induced by the oxygen 
plasma etching[176]. These edge defects render the electrical diameter d to be 
smaller than the physical value and thus enhances the resonance frequency. The 
extinction 1- T/T0 at resonance frequency fp (fp=ωp/2π) are plotted in Fig. 5.4(b) 
using blue triangular dots, which show that the disk geometry has no effects on 
the resonance strength. 
 


























 Fitted using Eqn. (4)














































Fig. 5.4 (a) THz extinction spectra of the graphene disk array on Si with differ-
ent disk diameters (4.5 µm, 6.0 µm and 7.5 µm) without light illumination 
(Fermi level EF ~ -0.38eV). (b) Plasmonic resonance frequency and the extinc-
tion 1-T/T0 at resonance frequency and the extinction 1-T/T0 at resonance 
frequency as a function of disk diameter. 
 
The THz response of the graphene was measured under illumination with 
a 532 nm laser at different light intensities. The extinction spectra as a function 
of light flux were shown in Fig. 5.5(a). It can be seen that the THz response of 
the graphene on Si can be successfully controlled by the light flux. The reso-
nance frequency fp (fp=ωp/2π), or the peak of the extinction ratio 1-T/T0, is tuned 
from 3.04 THz to 2.25 THz when the light flux is increased from 0 to 18 
mW/cm2. The magnitude of the extinction ratio 1-T/T0 at the resonance fre-
quency is altered from 16.2% to 4.4% when the light flux is changed from 0 to 





T/T0 at the resonance peak as a function of the different light flux are plotted in 
Fig. 5.5(b).  
As described above, photo-generated electrons in silicon are driven into the 
graphene by the built-in Schottky field at the graphene/silicon interface and neu-
tralize the holes in the graphene. The Fermi level of the graphene is -0.38 eV at 
zero light flux and can be tuned to -0.3 eV and -0.2 eV by the optical gating 
effect with the light flux around ~9.0 mW/cm2 and ~18.0 mW/cm2  (by Eqn.(1) 
and (2)).  The plasmon absorption and the oscillator strength, and the resonance 
frequency increase due to the rise of Fermi level EF in the graphene. 
Combining Eqn. (2)-(4), the relationship between the resonance frequency 
and the light flux can be expressed as: 
 2 2 1/4
0
0
( ( · / )· )Fp CNP life
eff
ve
A n I I EQE h
d
   
 
    
 (5.5) 
The calculated resonance frequency fp (fp=ωp/2π) as a function of the illu-
mination flux is also plotted in Fig. 5 (b). It can be seen the calculated curve 
agrees well with the measured data, which verifies the physics mechanism de-






























































































Fig. 5.5 (a) Extinction spectra of a 4.5 µm graphene disk array on Si under dif-
ferent light flux. (b) Plasmonic resonance frequency and the extinction 1-T/T0 
at resonance frequency as a function of the light flux. 
 
In conclusion, an approach is proposed to realize the optical tuning of the 
THz response in graphene by means of a graphene-on-semiconductor structure.  
In such a structure, the carrier concentration and the Fermi-level of graphene 
can be changed by optical illumination of the adjacent semiconductor through 
the transfer of the photo-generated carriers. This results in the tuning plasmon 
resonance of the graphene. Graphene micro-disk arrays were fabricated on a Si 
and the THz absorption was measured under different illuminations. The THz 
extinction peak frequency and magnitude were varied from 3.04 THz to 2.25 
THz and 16.2% to 4.4% due to the increase in optical illumination from 0 to 18 
mW/cm2. The direct optical control of the THz response in the graphene disk 
arrays provides great flexibility and new possibilities in the development of fu-






6. Chapter 6 Conclusions and Future Work 
 
In this chapter, we list the main results and conclusions for the plasmonic GaN 
HEMTs terahertz detector, terahertz waveguides and modulators. The direction 
of future work to expand the frontier of the plasmonic terahertz detector further 
is discussed. 
6.1 Conclusions  
Terahertz (THz) is the frequency of the electromagnetic spectrum that lies 
between radio frequency and the infra-red. Just as in the other two wavelength 
bands, applications of THz require efficient means of detection, waveguiding 
and modulation of the wave.  In this thesis, we have worked on each of these 
topics and the followings have been achieved: 
(1) High-performance terahertz detector with nano antennas: We report a 
sub-terahertz (THz) detector based on a 0.25 m gate-length AlGaN/GaN 
high electron mobility transistor (HEMT) with nano antennas. The fabri-
cated device shows excellent performance with a maximum responsivity 
(Rv) of 15 kV/W and a minimal noise equivalent power (NEP) of 0.58 pW/ 
Hz0.5 for 0.14 THz radiation at room temperature. As a comparison, typical 
responsivity of commercial zero-bias Schottky diode detectors is 2 kV/W 
and typical NEP is 3 pW/ Hz0.5 at 0.14 THz[45]. Asymmetric nano-antennas 
can effectively enhance the local electric field induced by the sub-THz ra-
diation and thereby improve the detection response. In addition, the GaN 
HEMTs terahertz detector shows excellent high temperature performance. 
A high responsivity Rv of 2.7 kV/W, and a low NEP of 10 pW/ Hz
0.5 were 




we know. Normal THz detectors like bolometers need -4K operation. Sili-
con FET and Schottky diode detectors cannot work at higher than 100 oC. 
(2) Performance enhancement of terahertz detector with resonant cavity: 
We demonstrate a transistor THz detector integrated with a Fabry-Pérot (FP) 
cavity. A theoretical model for the voltage responsivity of the transistor THz 
detector with a resonant cavity was derived and verified experimentally us-
ing a GaN high electron mobility transistor (HEMT) with a FP cavity. The 
measured detector responsivity shows a 2.5 times enhancement compared 
to the device without the cavity. The performance of the GaN HEMT THz 
detector with a FP cavity is dependent on the incident angle of the THz ra-
diation. 
(3) Terahertz imaging by a single GaN HEMT detector: Terahertz imaging 
based on a single-pixel detector fabricated in this project was demonstrated. 
To illustrate the detector’s high spatial resolution and good signal-to-noise 
ratio, a THz source emitting with a power of 0.1 mW located at 0.6 meter 
distance from the detector, successfully mapped out the profile of a knife 
and a pair of scissors hidden in an envelope placed in between the source 
and detector. 
(4) Plasmonic waveguide based on graphene nano-ribbon: The plasmonic 
mode and cut-off behavior of graphene nano-ribbon waveguide was inves-
tigated. From simulation, we show that the edge plasmon mode is the 
fundamental mode with lowest loss with a high effective refractive index. 
This is, therefore, the desired mode for waveguiding. It is observed that the 




the center plasmon by a constant ratio 0.89. The edge defects on the sym-
metric edge plasmons leads to a higher effective refractive index and a 
higher loss. Cut-off width of edge plasmons shrinks with increasing fre-
quency. Cut-off width of center plasmon is enlarged by the presence of the 
edge component but the enlargement effect diminishes with the increase of 
the magnitude of kedge. The results are important for the design of graphene 
nanoribbon waveguides for plasmon transmission aimed at achieving ultra-
compact terahertz devices. 
(5) Plasmonic modulator based on an array of graphene disks: We demon-
strate a THz plasmonic modulator by using an array of graphene disks on a 
silicon substrate. The unique localized resonance of graphene plasmon is 
able to be tuned by optical gating (i.e. tuned with an optical illumination). 
Through optical gating, the Fermi level of the graphene can be tuned by the 
transport of the photo-generated carriers in the silicon substrate to the gra-
phene disks. Hence, the plasmonic THz-excited resonance frequency and 
strength is changed. The transmission loss of the THz radiation is changed 
from 16.2% to 4.4%, with a corresponding peak shifted from 3.04 THz to 
2.25 THz when the light flux (at 532 nm) is increased from 0 to 18 mW/cm2. 
 
6.2 Future Work  
One important direction for future terahertz detector development is to 
build an ultra-sensitive detector with an extremely low NEP to the range of fW/ 
Hz0.5. The coupling mechanism of the THz radiation to the GaN HEMTs chan-
nel should be studied to optimize the antenna coupling efficiency for the 




and novel antenna materials such as metamaterials can be tried to enhance the 
detector performance further.  
On one hand, a two-dimensional array of GaN HEMTs can be designed to 
produce novel THz focal plane arrays, which are expected to play a significant 
role in THz imaging systems. On the other hand, the GaN HEMTs terahertz 
detector is able to be integrated with near field scanning technology to build a 
novel THz near-field microscopy system, which can accelerate novel research 
in THz technology for material characterization.  
Apart from the responsivity, more optimization and study can be carried 
out to reduce the detector response time and further push the response speed to 
the range of GHz. In this way, the transistor THz detector, demonstrated in this 
project to have a better responsivity than currently used Schottky diode detector, 
is a good candidate for a future high-speed terahertz communication system.  
In this thesis, the study has concentrated only on non-resonant plasmonic 
detection. Further investigation for resonant plasmonic detection is required at 
room temperature. If a resonant plasmonic detector can be realized, its reso-
nance frequency can be tuned by an external bias and scanning of the terahertz 
spectrum can be achieved. This will be a great breakthrough for THz technology 
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